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ABSTRACT 


This  manual  gives  design  methods  and  presents  a  summary  of  experimental  test 
data  for  four  basic  types  of  passive,  dissipationless  acoustic  filters  for 
attenuating  noise  in  liquid  piping.  Filters  of  the  (l)  side  branch,  (2)  expansion 
chamber,  (3)  combination,  and  (4)  Quincke  tube  types  are  considered.  Analytical 
methods  applicable  to  lumped  parameter  acoustical  systems,  transmission  lines, 
and  combinations  of  these  are  developed.  Several  different  filter  performance 
criteria  are  defined.  One  of  these,  transmission  loss,  is  adopted  for  comparing 
filters  Independently  of  source  and  load  characteristics.  Chapters  I  and  II 
are  devoted  to  introductory  materlal--discuBslng  the  problem,  covering  certain 
relevant  fundamentals  of  acoustics,  and  specifying  filter  elements  in  acoustical 
tei*ms.  Chapter  III  on  filter  design  gives  transmission  loss  curves  versus 
dimensionless  frequency  for  several  different  filters  of  each  of  the  four  types. 

For  all  types  of  filters  except  expansion  chambers,  infinities  of  transmission 
loss  are  predicted  at  one  or  more  discrete  frequencies.  Expansion  chambers 
shov  zeros  of  loss  at  harmonically  related  frequencies  with  regions  of  broadband 
loss  between.  For  side-branch  filter  elements  there  is  defined  a  parameter  q. 

T.  L.  curves  for  side-branch  filters  with  one  element  or  multiple  identical 
elements  indicate  increases  in  loss  with  increases  in  q,  out  retain  their  general 
shape.  For  values  of  q  above  10,  increasing  q  by  a  factor  of  10  results  in 
approximately  20  dB  increases  in  loss.  For  a  branch  filter  with  two  identical 
elements  and  q  =  100,  loss  of  over  40  dB  is  indicated  over  almost  all  of  the 
band,  0.  =  f  x  5.7^  f^,  where  f^  1s  the  resonant  frequency  of  the  branch 

elements.  The  maximum  values  of  transmission  loss  for  expansion  chamber  filters 
depend  on  a  parameter  ra,  the  ratio  of  characteristic  admittances  of  the  chamber 
and  connecting  pipes.  Ten  dB  increases  in  m  result  in  about  10  dB  increases  in 
maximum  transmission  loss.  Values  of  m  of  5.I6,  10,  51.6,  and  100  for  a  single 
chamber  filter  correspond  to  transmission  loss  maxima  of  4,  14,  24,  and  34  dB, 
respectively.  Combination  filters  show  the  broadband  loss  feature  of  expansion 
chambers  and  also  the  infinities  of  side-branch  filters  for  a  particular  rela¬ 
tionship  between  resonant  frequency  f^  of  the  branch  element  and  the  frequency 

it  which  the  chamber  length  is  a  half  wavelength,  f^.  This  filter  gives  over 

25  dB  loss  from  0.1  x  f/f^  S  1.5.  Loss  curves  for  Quincke  tube  filters  have 

repeating  infinities  at  harmonically  related  frequencies  which  depend  on  the 
sums  and  differences  of  two  acoustic  path  lengths.  Broadband  characteristics 
of  Quincke  tubes  are  not  particularly  attractive  unless  the  tubes  are  larger 
than  connecting  pipes. 

Graphical  aids  for  determining  parameters  for  particular  types  of  elements  are 
given,  and  worked  examples  illustrating  the  use  of  both  the  transmission  loss 
ciuufes  and  the  graphical  aids  are  included  in  Chapter  III.  Chapter  IV  summarizes 
results  of  acoustic  filter  tests.  Data  on  one  or  more  of  each  of  the  types  of 
filters  covered  in  Chapter  III  are  given  for  various  conditions  of  water  flow, 
sound  source  character,  and  filter  termination  characteristics.  Either  output 
and  input  sound  pressures  or  the  ratio  of  these  is  plotted  versus  frequency  or 
for  frequency  bands  for  each  test.  The  acoustical  circuit  of  the  test  filter 
with  parameter  values  specified  is  shown  on  all  sheets  of  plotted  test  data. 

Test  results  indicate  many  of  the  filter  characteristics  predicted  by  computation 
with  somewhat  less  spectacular  actual  attenuations  than  the  corresponding 
transmission  losses. 
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PREFACE 


This  manual  Is  intended  for  use  as  an  aid  in  designing  or  selecting  passive, 
dissipationless,  acoustic  filters  for  attenuating  noise  in  liquid-filled  piping 
systems.  Four  different  types  of  filters  are  treated  in  it.  They  are  (l)  side- 
branch  filters,  (2)  expansion  chamber  filters,  (5)  combination  side-branch  and 
expansion  chamber  filters,  arid  (4)  Quincke  tube  filters. 

The  manual  has  five  chapters.  Introductory  material  of  Chapter  I  includes 
a  brief  historical  sketch  of  the  filter  investigation  program  vhich  preceded 
the  writing  of  this  manual  and  some  general  remarks  concerning  noise  in  liquid- 
filled  piping  systems.  The  second  chapter,  devoted  to  background  material, 
reviews  relevant  fundamentals  of  acoustics  and  discusses  filter  performance 
criteria,  mechanical  forms  of  filter  elements,  and  specification  of  filters  in 
acoustical  terms.  The  portion  of  Chapter  II  devoted  to  acoustical  fundamentals 
can  be  skipped  over  by  those  readers  who  are  already  familiar  with  these  aspects 
of  acoustics.  It  should  be  noted,  however,  that  use  of  the  adopted  system  of 
units  is  also  demonstrated  in  this  section.  Chapter  III  contains  families  of 
transmission  loss  curves  for  a  variety  of  filters  of  each  basic  type.  These 
curves  reflect  theoretical  filter  responses  calculated  on  the  basis  of  irregular 
acoustic  transmission  line  ideas  explained  in  Chapter  II.  The  curves  are  plotted 
against  dimensionless  frequency  scales.  Chapter  III  also  explains  use  of  the 
curves,  gives  additional  graphical  aids  for  determining  or  adjusting,  filter 
parameters,  and  presents  several  worked  examples  of  filter  design  problems. 
Chapter  IV  gives  a  summeiry  of  measured  filter  performance  characteristics.  In 
all  cases  the  test  filter  is  specified  in  terms  of  its  acoustical  parameters, 
the  noise  source  is  characterized,  and  the  filter  termination  is  described  as 
completely  as  possible.  Chapter  V  contains  a  few  closing  remarks  concerning 
applicability  of  the  methods  presented  in  the  manual. 

The  authors  hope  that  this  material  will  be  useful  to  designers  concerned 
with  reduction  of  liquid-borne  noise  in  piping,  particularly  those  designing 
shipboard  systems. 
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CHAPTER  I :  INTRODUCTION 


A.  BRIEF  HISTORY 


From  May,  1955>  to  October,  1961,  the  U.  S.  Navy  Bureau  of  Ships,  Ship 
Silencing  Branch,  sponsored  a  technical  program  at  Defense  Research  Labora¬ 
tory  (DRL),  The  University  of  Texas,  in  the  design  and  development  of  passive 
acoustic  filters  to  attenuate  noise  in  liquid-filled  piping  systems.  The  vork 
was  performed  under  Contracts  NObs-66952  and  i'lObs-77055-  During  the  program 
principal  efforts  were  devoted  to  studying,  designing,  building,  and  testing 
passive,  nondissipative  filters  of  types  that  appeared  adaptable  for  shipboard 
use. 


Passive  dissipationless  filters  of  types  that  appeared  promising  on  the 
basis  of  such  practical  considerations  as  safety,  cost,  size,  weight,  and 
acceptably  low  frictional  flow  resistance  were  treated. 

Four  types  of  filters  were  investigated  both  analytically  and  experimentally 
in  the  course  of  the  program.  These  were  (l)  side-branch  filters,  (2)  expansion 
chamber  filters,  (5)  combination  side-branch  and  expansion  chamber  filters,  and 
(U)  Quincke  tube  filters. 

Various  analytical  approaches  to  filter  design  were  used.  The  well  known 
analogy- -between  linear  acoustic,  mechanical,  and  electrical  systems--has  been 
used  extensively.  Many  experimental  filters  were  designed  by  devising  acoustical 
systems  approximately  analogous  to  lumped -parameter  electrical  filters.  Refine¬ 
ments  and  extension  of  this  approach  led  to  the  adoption  of  acoustic  transmission 
line  methods  for  specifying  and  analyzing  filters. 

Most  of  the  experimental  work  was  done  in  the  Laboratory  where  developmental 
filter  models  were  built  and  tested  in  water-filled  systems. 

Two  different  field  tests  of  filters  were  carried  out.  One  series  of  tests 
was  made  aboard  the  submarine  USS  GROUPER  (AGSS-211i)  at  New  London,  Connecticut, 
in  May  and  June,  1959.  In  these  tests  noise  measurements  were  made  inside  the 


September  1962 
JVK:vh 

trim  pump  suction  and  discharge  lines  and  overside  near  the  boat  before  and 
after  installation  of  acoustic  filters  in  both  of  the  trim  pump  lines.  The 
filters  used  in  the  trim  lines  were  of  the  side-branch  type,  and  each  filter 
had  three  spring-piston  branch  elements.  It  was  the  purpose  of  these  tests  to 
determine  whether  use  filters  lA  trim  lines  would  reduce  overside  noise, 
Just  noise  inside  the  tthfl^  bAlH.  She  measurements  vert  made  with  the  tsAt 
at  docksidf  wills  all  anaitlaff  Axeepl  the  trim  fun)  ••CwrcA.  VSIA4 

the  filtefi  •cswIlfA  !«  ttgAlfltaAt  A«isf  rechsfitlona  at  tent  liyidr#|Mtt 

locatiang*  idsvtld  tf  AeastiraAtAts  af  ftaiee  insid#  tht  Uim  llfttt  »ttt  diffUtll 
tt  IMtfftMa  WCMM  dMTMt  ItAi  Alt  «aa  frctaai  lAtldt  tht  tytlMs 

ItAdUicr  f  ttei  «f  AMneiit  niters  natf  cosidtieied  Abeatl  a  nostiRt  * 
ponttoA  %arar  M  take  TtavIa  tear  Texas*  in  Jatf*  Atstuaif  and  tepttt* 

^er*  1^1*  la  tlierr  tsvia  a  tAreeaelemeat,  slde^hranch  filler  wltli  nttat 
belldwA  tleneats  and  at  eafanaitt  eisamAer  fitter  with  ua.  five  feet  Hnc  Ctanlaf* 
%  IftCittt  Afafl  Were  ladlvidtallf  leeted  ia  a  fumpia^  eysteia  aboard  the  ttt% 
bar^  VelM  teasoreaettA  Mere  made  airerside  aad  in  the  fumf  lines  vith  a«4 
vithaat  the  filters  It  thr  i^atcsi.  Thesw  UfsU  are  described  aad  llie  test  mtllt 
preaetted  atd  dltets*M  It  a  frmat  reftri  (iief.  6^*. 

leiallt  of  the  ataljriliRsI  mad  raperlmeatat  vork  ferfonned  tader  fst*  * 
tracts  htd  IWI»s«T?csf5  are  ^ivea  la  progresp  repisrte  Ipeard  (faarterljf 

darlar  the  prtgraa*  Ttepe^r  mleag  vitH  varims  other  Piismarjr  sad  techaicat 
reports  CtSerlte  fartleatar  |4iases  aad  a^peinp  of  the  filter  program*  are  tisl^ 
la  Affeadit  C.  Althsti^  thece  repertr  ifivc  a  fairir  cemplete  account  of  the 
teclinlcol  work  ^faraed  dartiig  the  filter  proigram*  they  da  ret  rreseat  tilt 
infamailtt  It  »  fora  ccmrctlent  far  asc  it  solving  filter  dcsiga  frsMeits* 

o 

Thia  Mtsal  (1)  gtVf<t  ma  eofilanatiea  af  aceastical  fVutdaaeatalS  ttol  ttfStlsAk 
in  fitter  atalfsis*  (?)  dapcrite^  certain  basic  types  af  filters  that  opfeat 

promlsiAg  tf  the  hasia  of  practical  considerations,  f3|  preseols  faailira  Of  * 
curves  intended  ta  simplify  greatly  the  determination  of  filter  proportions  for 
given  ideal  performance,  and  (4)  summarizes  results  of  laboratory  performance 


♦References  are  listed  in  Appendix  C. 
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measurements  made  on  experimental  acoustic  filters  during  the  filter  investi¬ 
gation  program  at  DRL. 

In  preparing  this  manual  the  attempt  has  been  made  to  kerp  in  mind  the 
8peci%4  *e«dg  %f  naval  arehltects  who  may  use  it.  Terms  more  or  less  peculiar 
%%  the  tt  acavstigs  gad  aeousticgl  engineering  have  not  been  used  vithout 

BViliHilf  «•**»  In^tha  are  expressed  ia  inches, 

M  fmd$§  flMi  UV  ll  —ilia  if 

ItyMittSb 
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B.  GENERAL  REMARKS  CONCERNING  NOISE  IN  LIQUID -FILLED  PIPING  SYSTEMS 

For  tactical  reasone  It  Is  desirable  for  naval  ships  to  be  capable  of 
operating  quietly.  Considerable  effort  has  been  devoted  to  reducing  the  amount 
of  undeslred  sound,  particularly  machinery  noise,  radiated  int*  surrounding  ^ 
vater  by  ships  and  submarines.  Rotating  machiae  elements  sucfe  aj  «left»i#  motor 
and  generator  armatures  are  care(4ll|^  ^afanaed,  a%|  1tiliraU4%  l89ila%lg%  mfuntings 
are  extensively  used.  However,  be#»t6e  lif  tlie  ftatiigte  tC  |i#ttnar^  |\|ft®tians 
of  certain  auxltiary  machines  it  diffitfiilt  t#  If  snd 

acoustically  from  surrounding  V  af  fwps 

In  particular.  Pumps  ran  be  suppavde^  #ianveikt?c|iat 

mountings,  but  they  im*st  also  be  attached  ti»  hose#!  ttf  0tfc^4lWt£ 

confining  and  coaveyllig  the  pumped  tiquid*  Jhe  netfr##aty  dttdClaneftts  pflgTide 
both  solid  and  liquid  transmission  fiaths  fo^lfcislse*  Ilk  IdW 
pressure  systems  flexible  pipe  *(Hplings  0#  #alk  »e  t#  MteT  #WRd 

transmission  eharactefi sties  of  the  ^olfd  #t^*ntrtfe,  bdt  cVMl  tf  tfee  Jl«n5ikle 
coupling  is  effetftitre  in  interrupting  the  ^ol?d  |i%ths  aa®  #tJtl  kr  ffop*' 

agated  in  the  lHuidf  column.  |t  is^  «€  «PWe*  t|ir  tSfkld  »sfe#t 

of  the  piping  ftolse  problem  that  «re  %iy|^  «•  ftt nP  ^  aroustic 

filters. 

In  operation,  liquidshemdling  pU!«|)#  1/  «#t«e  M  aiftefal 

different  internal  sources.  Noise  in  tbe  9 ^  ^ 

contributions  from  all  of  them.  lWData%c«rl  got^tfhg  vfcMP#  rMJte 

surrounding  liquid  directly  and  alsn  appljf  varying  1#  lAlu^es 

which  in  turn  excite  the  pump  casing.  The  tUrraHHif  rasi*?  fd(|lqlr#  I#  the 
liquid  inside.  Another  source  of  noise  i»  pura^  «f  tWW#  tf  1^**  asso¬ 

ciated  with  rapid  passage  of  impeller  vanes  or  blades  fcy  ports  i«  the  pump 
casing.  In  positive  displacement  pumps,  valve  action  produces  pressure  pulsations 
in  the  pumped  liquid.  Cavitation  and  turbulence,  as  well  as  bearing  and  drive- 
motor  noise,  are  common  to  pumps  of  many  types.  Construction  details  of  the 
types  of  liquid  pumps  described  in  Ref.  28  suggest  the  noise  generating  Mechanisms 
that  are  probably  significant  for  each  type.  Centrifugal  piamps  are  extensively 
used.  Impeller  blades  and  unbalanced  rotors  are  the  most  important  contributors 
to  noise  in  liquids  transferred  by  centrifugal  pumps. 
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Generation  and  distribution  of  noise  in  a  pumping  system  is  ordinarily  very 
complicated;  a  complete  mathematical  description  of  it  is  neither  possible,  nor 
for  present  purposes,  necessary.  The  noise  source  characteristics  of  liquid 
pumps  are  often  sufficiently  described  by  the  sound  pressure  amplitude -frequency 
spectrum  obtained  from  a  representative  sample  of  the  noise  and  the  overall 
sound  pressure  level  in  the  pumped  liquid.  Large  amplitude  components  corre¬ 
sponding  to  centrif\igal  pxmip  rotational  and  blade  frequencies  are  found  in  the 
noise  spectra  of  these  pumps. 

Noise  in  liquid  media  inside  pump  lines  is  also  produced  by  pipe  wall  vibra¬ 
tion,  fluid  turbuleice,  ajid  flow  excited  mechanical  vibration.  Pipe  wall 
vibration  can  be  either  a  cause  or  a  consequence  of  liquid-borne  soimd  Inside 
pipe.  Thus,  it  is  possible  for  liquid-borne  sound  indirectly  to  excite  structural 
vibrations  at  points  at  which  the  containing  pipe  contacts  or  is  supported  by 
structural  members.  Therefore,  use  of  acoustic  filters  to  confine  noise  inside 
pump  lines  to  the  neighborhood  of  the  source  could  be  expected  to  reduce  acoustic 
pressure  levels  and  pipe-excited  structural  vibration  at  a  considerable  distance 
from  the  pump. 

Since  acoustic  filters  as  herein  considered  affect  only  the  liquid-borne 
noise,  it  is  convenient  to  consider  a  system  model  comprising  a  single  localized 
noise  source,  a  sound  transmission  path,  and  an  acoustic  load.  Figure  l(a) 
shows  a  simplified  sketch  of  a  shipboard  pumping  system;  some  of  the  paths  by 
which  sound  from  the  pump  may  be  transmitted  to  overside  radiating  surfaces 
are  Indicated.  Figure  1(b)  shows  a  model  of  the  system  which  results  from  , 
applying  to  the  system  the  following  simplifying  assumptions: 

(1)  There  is  only  one  noise  source. 

(2)  The  noise  source  is  localized. 

(3)  There  is  only  one  sound  transmission  path  between  the  pump  and 
its  surroundings  (  the  liquid  path). 

(4)  The  sound  transmission  path  is  uniform. 

(5)  The  one  sound  transmission  path  terminates  in  an  acoustic  load  of 
arbitrary  character. 

It  is  seen  that  these  assumptions  lead  to  an  oversimplified  representation 
of  a  pumping  system,  but  even  with  this  chosen  model  performance  of  a  completely 
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specified  filter  in  the  system  cannot  be  precisely  predicted.  The  transmission 
line  part  of  the  system  model  is  taken  to  be  uniform,  although  the  liquid-filled 
pipe  of  the  actual  installation  may  Include  bends,  elbovs,  and  other  irregu¬ 
larities.  If  an  acoustic  filter  is  added  to  the  system^  any  ^regularities 
not  Included  in  the  filter  are  Itasidered  eitbeV  isl  a  at  of 

the  load,  depending  upon  vhe*«  ate  vStiafcsfeH  Itlllt  fUtHW 
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CHAPTER  II:  BACKCROUND  INFORMATION 

A.  SOME  RiNDAMENTALS  OF  ACOUSTICS 


1.  Introduction 


Fundamentally,  sound  waves  are  propagated,  elastic  disturbances  of  a 
substance.  The  substance  can  be  In  solid,  liquid,  or  gaseous  state.  The  only 
requirements  are  that  the  material  must  have  mass  and  be  able  to  store  potential 
energy  of  compression  or  deformation,  i.e.,  be  resilient.  Plane  sinusoidal 
sound  waves  traveling  in  a  homogeneous  liquid  or  gas  are  in  general  partially 
reflected  and  partially  transmitted  when  they  encounter  the  surface  of  an 
obstacle  of  different  material.  The  interactions  of  a  sound  wave  in  one  medium 
with  an  obstacle  of  a  different  material  are  governed  in  part  by  the  size  of 
the  obstacle  ia  relation  to  the  wavelength  in  the  original  medium.  If  the 
largest  dimension  of  the  obstacle  in  the  direction  of  propagation  is  much  smaller 
than  a  wavelength,  then  the  obstacle  can  be  characterized  for  purposes  of  deter¬ 
mining  its  acoustical  effects  by  specifying  its  so-called  lumped  acoustical 
parameters.  If  on  the  other  hand  the  largest  dimension  of  the  obstacle  in  the 
direction  of  propagation  is  not  small  compared  to  a  wavelength,  then  the  obstacle 
behaves  like  a  length  of  transmission  line  with  characteristics  in  general 
different  from  those  of  the  adjacent  medium.  It  is  apparent  that  since,  for 
a  given  material,  wavelength  is  inversely  proportional  to  frequency,  an  object 
that  is  small  in  relation  to  a  wavelength  at  one  frequency  is  large  compared 
to  a  wavelength  at  some  sufficiently  high  frequency. 

In  this  manual,  acoustic  filters  Eu:e  regarded  as  irregular  acoustic 
transmission  lines.  The  chau'acter  of  the  line  irregularities  determines  the 
type  of  acoustic  filter.  The  special  character,  number,  and  distribution  of 
irregularities  determine  the  filter  characteristics.  In  order  to  understand 
the  methods  of  analysis  to  be  employed,  it  is  necessary  to  be  familiar  with 
certain  fundamental  concepts  euid  relationships  applicable  to  acoustic  transmission 
line  problems.  In  this  section  ideal  lumped -parameter  acoustical  elements  are 
described  and  methods  for  calculating  their  parameter  values  are  given.  The 
terms  "analogous  acoustic  impedance"  and  "admittance"  are  defined;  expressions 
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for  these  quantities  corresponding  to  combinations  of  Ideal  acoustical  elements 
are  given  In  terms  of  the  lumped  acoustical  parameters  of  the  elements.  Acoustic 
transmission  lines  are  described  with  particular  reference  to  liquid-filled, 
rlgld-walled  pipes.  The  notions  of  distributed  acoustical  parameters  eind  charac¬ 
teristic  acoustic  Impedance  and  admlttemce  are  Introduced,  Impedance/admittance 
transformation  equations  are  given,  and  numerical  examples  Illustrating  appli¬ 
cations  of  the  equations  to  t^lcal  problems  are  shown. 

These  same  Ideas  are  common  to  passive  linear  systems  generally;  entirely  . 
analogous  treatments  can  be  given  for  mechanical  and  electrical  systems.  These 
analogies  are  not  developed  here,  but  electric  circuit  symbols  ai-e  used  to 
represent  analogous  acoustical  elements.  These  symbols  were  adopted  primarily 
because  their  use  tends  to  simplify  sketching  acoustical  circuits. 

2.  Ideal  Acoustical  Elements 


The  Ideal  acoustical  elements  can  be  understood  by  considering  the 
response  of  a  piston  in  a  rigid  wall  to  sinusoidal  pressure  variations  in  ajn 
acoustic  medium  in  contact  with  the  piston  face.  Such  a  piston  can  be  considered 
subject  to  certain  sets  of  restrictions  on  the  friction.  Inertia,  and  elastic 
forces  applied  to  it  so  that  it  becomes  an  acoustic  resistance,  Inertance,  or 
compliance  depending  upon  the  hypotheses.  A  piston  of  diameter  d  and  eirea  S 
idealized  according  to  sets  of  hypotheses  corresponding  to  acoustic  resistance, 
Inertance,  and  compliance  is  shown  in  Fig.  2.  Static  equilibrium  between  the 
piston  and  acoustic  medium  is  assumed. 

First  we  consider  the  piston  to  be  massless,  but  subject  to  a  drag 
force  proportional  to  the  first  power  of  piston  velocity  through  a  proportionality 
constant  r.  Under  these  conditions  the  piston  would  be  an  ideal,  lumped -parameter, 
acoustic  resistor.  Resietsuice  is  represented  in  acoustical  circuits  by  the  same 
graphical  symbol  ordinarily  used  for  electrical  resistance,  a  zit;-zag  line. 

The  acoustic  resistance  parameter  is  represented  by  the  literal  symbol  H.  For 
the  piston  described,  the  numerical  value  of  R  can  be  calculated  from  the 
relationship 
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„  r  lb  sec 
n  ■  2  =  . 

S  In.^ 

Figure  2(a)  is  a  sketch  representing  the  piston;  the  acoustical  circuit  represen¬ 
tation  of  resistance  and  the  equation  for  calculating  the  value  of  the  parameter 
R  are  also  shown. 

Next  we  consider  the  case  in  which  the  piston  is  taken  to  be  frictionless 
and  is  attached  to  a  weight  of  mass  m,  but  is  otherwise  the  same  as  before, 

Fig.  2(b).  In  this  case  the  piston  would  offer  an  acoustic  inertance  to  sinus¬ 
oidal  pressure  variations  at  its  face.  Inertance  is  represented  in  acoustical 
circuits  by  the  graphical  symbol  normally  used  to  represent  inductance  in 
electrical  circuits.  The  literal  symbol  for  the  inertance  parameter  is  L.  The 
value  of  L  for  this  idealized  piston,  expressed  in  terms  of  the  piston  areas 
and  the  attached  mass  m,  is 


nv  2 

..  m  lb  sec 

^  “  12  ,  5  • 

S  in.'^ 

Finally,  we  consider  the  case  of  Fig.  2(c),  in  which  the  piston  is 
massless  and  frictionless,  but  is  subject  to  an  elastic  restoring  force 
proportional  to  its  displacement  from  some  equilibrium  position.  Let  the 
proportionality  constant,  k,  relate  the  restoring  force  to  displacement.  The 
effect  of  the  piston  in  this  case  would  be  that  of  an  ideal,  lumped -parameter, 
acoustic  compliance.  Compliance  is  represented  by  the  graphical  symbol  for 
electrical  capacitance.  The  compliance  psu-ameter  is  represented  by  the  literal 
symbol  C.  The  value  of  C  for  the  piston  in  terms  of  the  area  S  and  the  constant 
k  is  expressed 


C 


These  idealized  acoustical  elements  behave  as  lumped  elements  for  waves 
striking  the  piston  face  at  normal  incidence  or  for  any  angle  of  incidence  so  long 
as  \  »  d,  say  \  =  10  d  or  more,  where  X.  is  wavelength  and  d  is  piston  diameter. 
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The  ideal  acoustical  elements  as  given  by  these  representations  are  not 
physically  realizable.  In  fact,  it  is  not  possible  to  construct  passive  devices 
to  offer  pure  acoustic  resistance,  inertance,  or  compliance  over  a  broad  band 
of  frequencies.  Physical  elements,  even  in  their  linear  behavior  range  always 
have  mass,  have  either  stiffness  or  compressibility,  and  produce  energy  losses 
due  to  Internal  friction  while  being  deformed.  In  particular  physical  arrange¬ 
ments,  however,  certain  ones  of  these  characteristics  may  dominate.  Physically 
realizable  devices  to  approximate  ideal  acoustical  element  behavior  over  limited 
frequency  ranges  are  possible. 

It  is  of  practical  importance  to  consider  the  ways  in  which  the  ideal 

elements  «an  be  combined  and  their  responses  t#  sitiusmldal  sound  waves  calculated 

as  functioas  ef  frequency  both  singly  said  i|h*ombinatioiia  tn  this  connection 

we  introduce  the  concept  af  analogous  aeo^tirf  impedanae*  A  sinusoidal  sound 

pressure  variation  of  angular  frequency  ampilt^e  %  referred  to  an 

•  max 

arbitrary  time  reference  can  be  expressed 


“  Pmax  ^  • 

in. 

in  which  is  a  phase  angle  referring  p(t)  to  the  chosen  time  reference.  Tn 
phasor  notation  this  pressure  is  expressed 


P  = 


Pmax 


lb 

in.^ 


When  such  a  pressure  acts  on  eui  area  S,  there  is  in  general  an  associated  and 

resultant  motion  of  velocity  v(t),  of  angular  frequencv  cu,  and  amplitude  v 
,  ^  max 

which  can  be  written 


v(t)  =  V  cosfojt  +  cp  )  , 

max  '  ^v '  sec  ’ 

where  is  the  phase  angle  relating  v(t)  to  the  time  reference.  In  phasor 
notation  this  velocity  is  expressed 
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V 


V  J(cp  ) 
max  *'  '^v ' 


In, 

sec 


The  area  S  moving 

velocity  V  -  SV 
the  complex  ratio 


at  velocity  V  represents  a  flow  which  is  said  to  have  volume 


\sec  / 


Analogous  acoustic  impedance  Z  Is  defined  as 
of  pressure  P  to  volume  velocity  V, 


P  lb  sec 
V  in.^ 


Analogous  acoustic  admittance  Y  is  the  reciprocal  of  impedance.  Thus 

Y  =  i 

~  P  ”  Z  lb  sec 

We  now  consider  the  acoustic  impedances  of  the  ideal  acoustical  elements 
of  Fig.  2.  In  the  case  of  the  acoustic  resistance,  Fig.  2(a',  a  pressure  P, 
acting  on  the  face  of  the  piston  of  area  S,  exerts  a  force  PS  and  produces  a 
velocity  V.  The  dashpot  plunger  being  moved  at  velocity  V  by  the  piston  exerts 
a  force  on  the  piston  of  magnitude  rV.  So  we  have 

PS  =  rV  lb  . 


But,  also 


V  = 


V 

S 


in. 

sec 


so 


PS  = 


lb  , 


or 


lb  sec 


Since  the  analogous  acoustic  impedance  Z  is  defined  as  Z  for  this  ideal 

V 

acoustic  resistance  is  just  the  value  of  the  resistance  R. 
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Similar  reasoning  applied  to  the 
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Ideal  acoustic  Inertance,  Fig.  2(b),  gives 


PS  -  m  V  lb  . 


Differentiation  of  a  phasor  quantity  with  respect  to  time  results  In  the  quantity 
multiplied  by  Jco. 


3t  V  = 


sec 


So  we  have 


Replacing  V  by  ^  gives 
o 


so 


PS  =  JomV  lb 


PS  =  jam  I  lb  , 


P  ,  m  lb  sec 

“  *  “2  — r 

V  S  in.^ 


Thus  the  analogous  acoustic  impedance  for  this  pure  inertance  is  expresjied 


Z  =  Jo) 


m 


i.b  sec 


in. 


5  ’ 


or  in  terms  of  the  value  of  the  Inertance  L, 


Z  =  JoL 


lb  sec 
in.  5 
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Finally  we  consider  the  compllsmce.  Fig.  2(o).  In  this  case,  force  of 
the  pressure  at  the  piston  face  is  equated  to  the  product  of  the  spring  stiffness 
k  and  the  piston  phasor  displacement  from  equilibrium  X. 

PS  *  kX  lb  . 

The  displacement,  however,  is  the  time  integral  of  velocity.  Integration  with 
respect  to  time  of  a  sinusoidal  function  of  time  gives  its  phasor  representation 
divided  by  joi. 


X 


v_ 


in. 


Then 


lb  . 


But  as  before,  V 


PS  = 


kV 

Jofi 


lb  , 


and 


JL  -  L.  !S_ 

V 


lb  sec 


So  in  terras  of  the  compliance  C  the  acoustic  impedance  Z  is 


1  _  ^  lb  sec 

JoC  “  uC 


Unless  it  is  expressly  stated  to  the  contrary  or  implied  by  the  context 
to  be  otherwise,  the  tens  impedance  should  be  taken  to  mean  analogous  acoustic 
impedance  as  derived  above.  Adoption  of  this  convention  will  avoid  needless 
repetition. 

It  is  of  interest  to  consider  the  calculation  of  impedance  of  acoustical 
elements  in  combination.  The  elements  can  be  arranged  in  series,  parallel,  or 
series -parallel  combinations.  If  two  or  more  of  the  elements  of  Fig.  2  are 
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grouped  together  side' by  side  In  a  wall  within  an  area  sufficiently  small  for 
lumped  parameter  considerations  to  be  valid,  they  are  combined  in  parallel. 

For  example,  consider  the  calculation  of  the  impedance  of  two  acoustic  resistances 
of  areas  and  Sg  and  proportionality  constants  r^^  and  r^.  Fig.  5(a)  Each 
resistor  is  subjected  to  the  same  pressure,  but  impedance  must  be  cal  ulated 
on  the  basis  of  the  total  volume  velocity,  so  V  in  the  expression 


_P_ 

V 


lb  sec 

in.  5 


should  be 


V  +  V 
1  2 


in.'^ 

sec 


Since 


Z  -  ^  -  R 
V, 


^  '  S  ^ 
^1 


lb  sec  ^  „  P  „  2  lb  sec 

- ^  and  Zp  =  —  =  Rp  =  — ^  ^ 

in.^  ^  ^  in.^ 


we  have 


V  =L 

1  z. 


In.-' 

sec 


and 


V  =L_ 

2  "2 


In.^ 

sec 


but 


Zi  =R^ 


lb  sec 

in.5 


and 


^2  “  ^2 


lb  sec 

in.5 


so 


V 

1  R^ 


in. 

sec 


5 


and 


^2  =r 


in.^ 

sec 


Substituting  V  = 


*  ■  («i  *  '2) 


in.^ 

sec 


into  the  expression  for  Z, 
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CIRCUIT  BY  NETWORK  REDUCTION 


FIGURE  3 
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—  —  > 
V  +  V 

Vi  +  Vg 


gives 


Z  = 


^2 

\  +  ^2 


lb  sec 
in.  5 


For  more  than  tvo  resistances,  say  n  of  them,  combined  in  parallel 


Z 


lb  sec 


Applying  similar  reasoning  it  is  easy  to  show  that  in  general  the  impedance  of 
parallel  combinations  of  ideal  elements  cein  be  calculated  by  the  formula 


Z 


lb  sec 


where  Z^  is  the  impedance  of  the  nth  element  as  already  defined,  irrespective 
of  which  kinds  and  how  many  of  the  elements  are  combined. 


Figure  shows  an  element  representable  by  ideal  acoustical  elements, 

an  inertance  L  In  series  with  a  compliance  C.  Let  the  Impedance  of  the  inertance 
be  Z^, 


Z 


1 


lb  sec 


and  let  the  Impedance  of  the  compliance  be  Z^, 


Z  = 

2  _2  cuC 

u£ 


lb  sec 


Note  that  both  of  these  impedances  are  frequency  dependent.  The  ame  volume 
velocity  is  common  to  both  elements.  Equating  the  pressure  for'  j  and  the  sum 
of  mechanical  reaction  forces 
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Then 


JiS  .  jUL.  .  joL  -  <1- 

2  aC 

S  u£ 


lb  sec 


Thus  for  this  series  combination  the  total  impedance  is  the  sum  of  the  impedances 
of  the  ideal  acoustical  elements.  It  can  be  shown  that  in  general  if  ideal 
acoustical  elements  with  impedances  Z^,  Z^t  * • •  combined  in  parallel, 

the  Impedance  of  the  combination  is  the  reciprocal  of  the  sum  of  the  reciprocals 
of  the  individual  element  impedances;  if  they  are  combined  in  series,  the  total 
impedance  is  the  sum  of  the  element  impedances.  Impedances  of  series-parallel 
combinations  can  be  found  by  using  the  iniles  already  given  to  simplify  the 
acoustical  circuit  by  methods  of  network  reduction  as  suggested  by  the  sequence 
of  acoustical  circuit  sketches  of  Fig.  5(c)' 


Examples 

Fig.  4(a)  shows  three  acoustical  elements  communicating  to  the  inside  of 
a  liquid-filled  tube.  Calculate  the  input  impedance  Z(a))  of  the  combination 
for  the  following  set  of  values: 


20  in. 


r  =0.40 


lb  sec 
in. 


=  25  in. 

ll 


m  =  1.25  X  10 


lb  sec 
in. 


Sp  =  50  In.^ 


k  =  500 


lb 

in. 


It  is  assumed  that  the  walls  of  the  tube  are  rigid;  that  the  tube  is  much  shorter 
than  the  shortest  wavelength  of  interest;  and  that  the  mass,  compressibility, 
and  internal  resistance  of  the  liquid  itself  are  negligible. 
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(b.)  SERIES  ACOUSTICAL  ELEMENTS 
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First  ve  calculate  the  values  of  the  parameters  R,  L,  and  C  by  the 
formulas 


Sr 


lb  sec 


In. 


5  ' 


m  lb  sec 


in.- 


and 


C  = 


In.'^ 
lb  ‘ 


„  0.4  lb  sec 

in. 


1.25  X  10-^  _  ,  -5  lb  sec^ 

L  -  ^  -  2  X  10  5  » 

in. 


2  5 

^  300  *  lb  • 


Then  the  impedances  of  these  elements  eu*e 


^  = 


R  =  10 


-5  lb  sec 


in. 


5  ' 


ZL  =  JoL  =  Jo)  2  X  10'^  lb_sec  ^ 

^  in.^ 


Z  -  ^ 
C  oC 


lb  sec 


in. 


5  • 


Since  the  elements  are  combined  in  parallel, 


lb  sec 


^  \  S  ^  ^  "C  in.5  ’ 
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Z _ (10'^)  (Ja>)  (2X  IQ-^)  (>) _ Ife  Bee 

(10'5)  (Jo,)  (2  X  10"5)  -  (10'5)  +  Jcd(2  X  10"5)  Qy  in. 5 

j,  ^  _ (0.66)  (lO'^) _  lb  sec 

"  (0.66)  (10-5)  .  jLxVx  10-8  . 

Note  that  there  is  some  frequency  cd^  for  which  the  imaginary  term  in  the  denom¬ 
inator  of  Z  vanishes. 


0)  X  2  X  10 
0 


■8  .  (0.33)  (10'^) 


CD 


=  0 


2  .  (0.??)  (10-^)  .  rail 

(2)  (10’°)  sec^ 


0)  =  128.  U 


rad 

sec 


Thus  at  a  frequency  of  f  =  ~  =  =  20. U  cps,  the  given  elements  are  in 

parallel  resonance  and  the  impedance  Z  has  the  real  value. 


Z  =  (0.66)  (10'^)  ^  lb  sec 

(0.66)  (10‘^)  In.^ 


Note  that  this  is  just  the  value  of  the  impedance  of  the  resistive  branch  of 
the  acoustical  circuit.  At  the  resonant  frequency,  f  =  20.4  cps,  the  impedance 
magnitude  is  maximum;  at  other  frequencies  the  impedeuice  is  of  smaller  magnitude 
and  complex. 


2.  Calculate  the  Impedance  Z  for  the  acoustical  elements  cf  the  foregoing 
example  combined  as  shown  in  Fig.  4(b). 
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lb  sec 


L  -  Jofi  X  10"5  lb_8ee 
in. 

_  -.1  lb  sec 

"c-a>x5  ,,.5  • 


Combining  these  Impedances  in  series 


^  ■  S  *  =1.  * 


(“ 


*  10"^  +  J  (a>  X  2  X  10*^ 


¥) 


Setting  the  imaginary  part  of  Z  equal  to  zero  and  solving  for  a>^  gives  again 


0)  =  128.4  and  f  «  20.4  cps  . 

0  sec  ^ 


This  is  the  frequency  at  which  the  Impedance  of  the  elements  in  series  is  real 
and  has  minimum  magnitude. 


5.  Lossless  Acoustic  Transmission  Lines 


a.  Smooth,  Infinite  Line 

The  preceding  discussion  dealt  with  systems  of  lumped -parameter 
acoustical  elements.  We  now  consider  systems  with  distributed  acoustical  param¬ 
eters.  For  these  systems,  acoustical  ci  cults  with  only  lumped -parameter 
elements  are  not  adequate  representations.  Both  fluid  columns  and  solid  rods 
behave  as  acoustic  transmission  lines  if  they  are  of  sufficient  length.  Longi¬ 
tudinal  waves  are  propagated  on  any  of  these  lines;  torsion  and  bending  waves, 
however,  are  possible  only  in  solids.  Inasmuch  as  we  are  concerned  with 
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sound  waves  in  liquid-filled  pipes,  transmission  lines  of  the  liquid  column 
type  will  be  considered. 

The  following  distributed  parameters  apply  to  acoustic  treuismission 
lines  generally: 

(1)  Series  inertance  per  xmit  length, 

(2)  Shunt  compliance  per  unit  length, 

(3)  Series  resistance  per  unit  length, 

(U)  Shunt  conductance  per  unit  length. 

There  Is  some  dissipation  in  any  actual  line,  but  in  many  cases  of 
practical  interest  the  losses  are  small  and  can  be  neglected.  Analysis  of 
lossless  lines  is  simpler  than  that  of  lines  with  dissipation.  Since  in  most 
cases  the  series  resistance  and  shunt  conductance  per  unit  length  for  liquids 
confined  in  metal  pipes  are  sufficiently  smalj.  to  justify  the  assumption  of 
losslessness,  only  lossless  lines  will  be  considered  here. 

Figure  5(a)  shows  a  portion  of  a  rigid-walled,  liquid-filled  tube. 
The  tube  is  thought  of  as  extending  to  infinity  on  the  right.  At  the  left  end 
it  is  fitted  with  a  piston  which  radiates  sound  of  single  frequency  u)  into  the 
liquid.  Sinusoidal  sound  waves  moving  toward  the  right  are  propagated  in  the 
liquid  column.  Any  volume  element  of  the  liquid  has  mass  and  is  compressible. 
The  mass  gives  rise  to  a  distributed  series  inertance  and  the  compressibility 
to  a  distributed  shunt  compliance.  Figure  5(b)  shows  a  representation  of  the 
infinite  line  in  which  the  series  inertances  and  shunt  compliances  per  unit 
length  of  line  are  associated  with  lumped  pareuneter  elements.  Such  a  line 
only  approximates  a  smooth  line.  Figure  5(c)  is  the  schematic  representation 
of  the  smooth  line  of  Fig.  5(a)* 

If  the  normal  section  area  of  the  liquid  colinnn  of  Fig  5(a)  is  S, 

and  the  mass  density  and  compressibility  of  the  liquid  are  respectively 

2  2 
lb  S6C  in  • 

p  - j- —  and  K  then  the  series  inertance  of  the  line  per  vinit  length 

in. 

is 
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j  (a.)  CONFINED  LIQUID  COLUMN  ACOUSTIC  TRANSMISSION  LINE 

f 


Ic.)  SCHEMATIC  REPRESENTATION  OF  SMOOTH  INFINITE  LINE 


FIGURE  5 

LOSSLESS  ACOUSTIC  TRANSMISSION  LINE  OF  INFINITE  LENGTH 
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^  p  lb  sec 

^ "  s 

In. 


and  the  shunt  compliance  per  unit  length  Is 


C  =  S/( 


In. 

lb 


Series  Impedance  of  a  unit  length  of  the  line  Is 


Z  =  (0  +  Joi)  =  (  0  +  Jo)  1) 


lb  sec 


and  the  shunt  admittance  per  unit  length  Is 


Y  =  (0  +  JoC)  =  (0  +  JufiK) 


in. 


lb  sec 


The  characteristic  acoustic  impedance  of  the  line  is 


lb  sec 

in.5 


The  propagation  constant  is 


7  =  a  +  JS  =^/z^  =  Jcon/lc" 


Then 


The  velocity  of  vave  propagation  on  the  line  v  is  then  <Vp,  or 


_1 _  _1 _  ^ 
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Then,  In  terms  of  this  velocity, 

a  Ikjec  , 

°  °  ln.5 

It  Is  Important  to  notice  that  the  same  symbols  have  been  used  for 
distributed  and  lumped  Inertance  and  compliance.  However,  this  should  not  be 
confusing  since  the  correct  Interpretation  will  be  clear  from  context. 


b.  Smooth,  Finite  Lines 

Figure  6  shows  liquid  columns,  each  of  length  i,  contained  In  uniform 
diameter  tubes.  Three  different  acoustic  terminations  are  represented.  They 
are 

(1)  Closed-end, 

(2)  Open-end, 

(3)  Impedance 

Acoustical  circuit  representations  are  given  for  each  case.  The  input  smalogous 
impedances  or  admittances  of  these  lines  are  expressible  in  terms  of  the  line 
parameters,  the  line  geometry  or  length,  and  the  characteristics  of  the  load. 

Impedance  at  the  input  of  the  acoustic  lines  can  be  calculated  in 
the  same  way  as  for  the  analogous  electrical  lines. 

The  input  impedance,  Z^,  of  any  uniform  lossless  line  of  length  t, 
terminated  in  some  impedance  1b 


Z,  =  Z 
1  0 


1  .  Ke-J2P^' 


1  -  Ke 


-J2pi 


where  P  is  the  phase  constant  and  K  is  the  reflection  coefficient. 


„  (0  r~  rad 

B  =  —  -  oov  pK  7— 
^  V  in. 


Z.  +  Z 


Note  that  K  Is  dimensionless  and  in  general  complex. 
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(a.)  CLOSED- END  ACOUSTIC  TRANSMISSION  LINE  AND  ITS  ACOUSTICAL 
CIRCUIT  REPRESENTATION 


(b)  OPEN-END  ACOUSTIC  TRANSMISSION  LINE  AND  ITS  ACOUSTICAL 

CIRCUIT  representation 


— J — ^  — 

- H  r 

Zi  — 

U.  1  1 

_ zq  _ 

- 1 - ^  H - 

K 

.  r 

- -  ^^2 

Zi - - 

JL  1  ’I 

- ^ - 

Zo  1 

_ _ _ L_ 

- • — 

■  T 

' - . - ' 

Zl 


c 


(C.)  ACOUSTIC  TRANSMISSION  LINE  TERMINATED  IN  A  LOAD  HAVING 

complex  impedance  Zl 


l! 

k 


DRL  -  UT 
DWG  AS 7109 
JVK  -  BEE 
8-14-62 


FIGURE  6 

LOSSLESS  ACOUSTIC  TRANSMISSION  LINE  OF  FINITE  LENGTH 
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For  a  liquid  column  confined  In  a  closed-end  tube,  Fig.  6(a),  the 
load  loqpedance  la  Infinite.  No  matter  what  the  liquid  pressure  Is  at  the  closed 
end  of  the  tube,  the  volume  velocity  there  Is  zero.  Thus,  the  reflection 
coefficient  Is  of  unity  magnitude  and  zero  argument. 

K  -  I/O  rad  . 

Another  extreme  limiting  case  Is  shown  In  Fig.  6(b).  Here  the  end 
of  the  tube  Is  open  so  there  Is  a  free  sxirface  at  the  end  of  the  liquid  column. 
The  corresponding  load  impedance  Is  zero  and  the  reflection  coefficient  Is 
again  of  unit  magnitude  but  the  argument  Is  jt  radians. 

K  =  l/n  rad  . 

Figure  6(c)  shows  a  general  case;  here  the  load  impedance  is  taken 
to  be  representable  by  an  ideal  acoustic  resistance  and  compllemce  in  series. 

Then  the  reflection  coefficient  is 


Now  both  the  magnitude  end  angle  of  K  depend  on  the  frequency  o). 
Examples 


1.  Calculate  the  input  Impedeunce  of  1+0  ft  of  water-filled,  5  in.  i.d.  pipe 
terminated  by  a  rigid  plug,  Assume  the  walls  of  the  pipe  are  rigid. 

Characteristic  impedance  can  be  calculated  from  the  equation. 
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Area: 


=  (5^)  =  7.06  in. 2 


Mass  Density:  p  -  (9.55)  (lO"^)  iLje£. 


Compressibility:  K  *  (5-5*t)  (lO”^) 


=<>■  fe 


A9.^^i  (10  P 

(3.3'+)  (10'^) 


Z  =0.75 

°  in.  5 


The  phase  constant  S  ceui  be  found  from  the  relation 


S  =  CUV  pK 


W(9.55)  {10"^)  (3.5^)  (10"^) 


cu7(3.12)  (10'^°)  =  (cu)  (1.77)  (10"^)  ^ 


To  be  consistent  with  the  length  units  in  terms  of  which  the  phase  constant 
is  expressed,  the  length  of  the  pipe  must  be  expressed  in  inches. 

I  =  (40)  (12)  =  400  in. 


Since  K  -  e*^®, 


51 


September  1962 
JVK:vh 


^1-2, 


1  ^  Ke-J2P^ 


.1  -  Ke 


■J2PI 


can  be  written 


jpi  ^  -jSi' 
h  *  ^0  I  Jpi  _  g-JSi 


coth  jpi 


*  -J  cotpi 


»  -J(0.75)  cot  (oj)  (1.77)  (10'^)  ('+.8)  (10^) 

=  -J(0.75)  cot  [(8.50)  (10"5)  (o))  ]  iL_S|£. 


Note  that  at  all  frequencies  the  real  part  of  the  input  Impedance  is 
zero.  This  indicates  that  no  energy  is  dissipated  in  either  the  line  or  the 
load. 

2.  Consider  now  a  line  terminated  as  shown  in  Fig.  6(b).  If  the  length, 
characteristic  impedance,  and  phase  constant  of  the  line  are  the  same  as  in 
Example  1,  what  is  the  input  impedance  Z^? 


Z 


0 


0.75 


lb  sec 


p  =  (1.77)  (10'5)  0)  gy  , 
/  >  k&O  in.  ,  and 

K  -  eJ«  . 
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,  /WlelJf^  _  A  - 
^  °  Vl  -  eJ«  e-J^py  °  Vw  e'^^y 


Zj  -  J  tans/  =  J(0.75)  tan  [(8.50)  (lO"^)  (oj)] 


lb  sec 
in.  5 


Again  the  imput  impedance  of  the  line  is  imaginary,  so  no  energy  is  dissipated 
in  either  the  line  or  the  load. 

3.  Consider  the  line  and  termination  of  Fig.  6(c).  As  in  Examples  1  and 
2,  the  lln2  is  loss?.ess  and  of  finite  length.  The  load,  however,  is  such  that 
it  can  be  represented  by  a  complex  acoustic  impedance,  that  of  an  acoustic 
resistance  and  compliance  in  series. 

Let  the  length  and  characteristics  of  the  line  be  the  same  as  in 
Examples  1  and  2. 


=  0.75  , 

in.^ 


/  =  480  in.  ,  and 


S  *  (1.77)  (10'^)  (oj)  . 


Let  the  terminating  acoustic  resistance  R  be  1.0  ;  let  the 

in.^ 

acoustic  compliance  C  be  O.16  in.'^/lb.  Find  the  input  impedance  of  the  line 
at  a  frequency  of  10  cps. 


The  load  impedance  is  the  sum  of  the  impedance  Z^  of  the  acoustic 
resistance  and  the  impedance  Z^  of  the  compliance. 
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-  Zp  +  Zj,  ,  where 

Zp  .  R  +  JO  and  Zj,  -  0  -  ^  . 

Zr  -  R  -  J  ^  “  (1-0  -  j6,25  0)"^)  . 

in. 

Nov  the  reflection  coefficient  K  can  be  calculated. 

^  '  ^0  ^  1.0  -  .16.25  a>“^  -  0.75 
^  ^0  1.0  -  J6.25  0)"^  +  0.75 


0.25  -  J6.2^ 
1.75  -  J6.25 


Note  that  the  reflection  coefficient  is  now  frequency  dependent  and  is  not  in 
general  of  unity  magnitude.  At  the  given  frequency  of  10  cps,  co  ■  62.8  - 


K(62.8) 


0.25  -  JO.l  0.27e~’^‘^'^^ 
-  1.75  -  JO.l  “  ^_.^^^-J0.06 


=  0.15»te 


-JO. 52  • 


The  input  Impedance  at  a  frequency  of  10  cps  is  then 


Z 


1 


Z 

0 


1  +  Ke 
1  -  Ke 


-J2pi 


0.75 


f  1  +  0.154 

\^1  -  O.I5U  J 


At  10  cps 


Pf  =  (1.77)  (10'^)  (62.8)  (480)  =  0.53  rad 
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So 


=  0  1^(  1  ^  0-029  - 

'  V  1  -  0.029  +  JO. 151 J 

=  0.795  =  0.795  1-17.4°  . 

In  acoustical  systems  like  those  of  the  three  previous  examples  the 
division  betveen  line  and  load  can  be  made  at  any  point  along  the  line.  For 
example,  the  division  could  have  been  made  at  a  distance  from  the  input  end 
of  the  line,  Fig.  6(c).  The  load  impedance  on  the  line  of  length  could  be 
calculated  from 


1  -t-  0.154 
^1  -  0.154 


=  Z 

0 


-J2p(f-il) 

1  +  Ke 

"J2P(/-L) 

1  -  Ke 


> 


K 


Then  the  input  impedance  of  the  line  Z^  in  terms  of  the  impedance  of  this 
differently  chosen  load  and  the  shorter  length  of  line  is 


where 
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K 


1 


Calculations  of  this  kind  can  also  be  carried  out  for  finding  the  Input 
admittance  Y.  of  a  finite  lossless  line  terminated  In  a  load  admittance  • 

1  it 

The  appropriate  formula  Is 


Y 


1 


K  = 


-  Yt 
0  L 

0  L 


c.  Finite  Line  with  Changes  in 


For  purposes  of  calculating  the  input  impedance  of  acoustic 
transmission  lines,  the  division  of  the  system  into  source  and  load  can  be 
made  arbitrarily.  This  suggests  extension  of  the  methods  used  for  smooth 
or  uniform  lines  to  nonuniform  lines.  The  nonuniform  lines  of  interest  here 
are  those  having  abrupt  changes  of  characteristic  impedance,  branch  impedances, 
or  both. 


Consider  the  line  and  load  of  Fig.  7(a).  The  line  comprises  three 
sections  of  lengths  and  t,  with  characteristic  impedances  Z  ,  Z  , 

and  Z^  ,  respectively.  To  find  the  input  impedance  Z^^  at  the  left  end,  first 

calculate  the  impedance  at  the  input  to  section  1,  Z.  ,  in  the  usual  way. 

1 
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(a.)  ACOUSTIC  TRANSMISSION  LINE  WITH  CHANGES  IN  Zn  AND  ITS  ACOUSTIC 
CIRCUIT  representation 


(  b.)  ACOUSTIC  TRANSMISSION  LINE  WITH  BRANCH  IMPEDANCES  AND  ITS 
ACOUSTIC  CIRCUIT  REPRESENTATION 


FIGURE  7 

NON-UNIFORM  AND  BRANCHED  ACOUSTIC  TRANSMISSION  LINES 
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-  Z 

Tj  0^  1 

The  wave  velocity  calculated  according  to  the  equation  v  =  —  is  the  free 

JlpK 

field  velocity  and  is  Inaependent  of  the  pipe  characteristics.  Certain 
refinements  in  the  calculation  of  the  wave  velocity  in  liquids  confined  in 
pipes,  Appendix  A,  show  that  in  actual  cases  the  velocity  depends  on  normal 
area  of  the  liquid  column  eind  the  material  and  thickness  of  the  pipe  wall. 

For  the  sake  of  generality  then,  v  and  3  are  given  subscripts  to  indicate  that 
they  may  change  from  section  to  section  on  nonuniform  lines. 


of  the  line, 
calculated. 


Now  that  Z.  is  known,  it  can  be  regarded  as  the  load  on  section 
^1 

Then  Z.  ,  the  input  Impedance  of  the  second  section,  ceui  be 
^2 


2 


Finally,  still  using  the  same  reasoning. 


K 


5 


and  Pj 
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Finite  Lines  with  Shunts 


Figure  7(t>)  shows  a  line  made  up  of  three  sections  of  lengths  1^, 

Ig,  and  /j,  each  having  the  same  ch6u:acterlstic  impedance  Z^.  In  addition 

there  are  branches  with  purely  reactive  impedances  and  Z„  at  the  ends  of 

^1  ®2 

the  center  section.  To  calculate  Z^  for  this  line,  first  calculate  the  input 
impedance  Z.  of  a  length  of  line  I  of  characteristic  impedance  Z  loaded  by 

X  0 

an  Impedance  Z^ .  Then  calculate  ZI  by  parallel  combination  of  Z.  and  Z_  . 
-L  i^  i^ 


,  where 


Z,  -  Z 

L  0  cu 

•^1  =  z-rr  .  s  =  - 

Ti  0  1 


^1  ®1 


Continuing  according  to  this  same  scheme. 


,  where 


Z'  -  Z 

„  _  1  °  „  U) 

^2  ~  Z'  +  Z  ’  ^2  “  V 

i,  0  2 
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And  finally, 


“  z  ^  ^ 

2 


These  calculations  would  have  Veen  simplified  by  carrying  them  out 

in  terms  of  admittance,  because  at  the  branch  points  the  admittance  and 

Y,,  combine  by  direct  addition. 

®n 

e.  Finite  Lines  with  Shunts  and  Chsuiges  in 

For  lines  having  both  nonuniformities  and  branch  impedances  as 

shown  in  Fig.  8,  the  input  impedance  can  be  found  by  combining  the  methods  used 

for  the  lines  of  Fig.  7*  The  relationships  to  be  used  are  the  same  as  those 

for  the  line  of  Fig.  7(b)  except  that  care  must  be  taken  to  use  values  of 

Z  peculiar  to  each  section  of  the  line. 

“n 

With  reference  to  Fig.  8  then,  the  impedance  at  the  left  end  of 
section  1  is  found  as  follows: 
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z: 


h 

^1  ®i 


At  the  left  end  of  section  2 


z:  -  z 

°2 


u> 


h  *  Z!  VT”  >  and  02  =  ;r 


'll  -Og 


And  at  the  input 


\  ■  *  %  • 


z:  -  z 

^2  °5  ,  0) 

S  °  Z'  +  Z  »  and  0^  =  — 

I2  05  5 
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f .  Branched  Lines 


Input  admittances  to  branched  lines,  as  shovn  In  Fig.  9(ei)  also 
of  Interest.  An  expression  for  the  Input  admittance  at  the  first  branch  point 
1,  Fig.  9(a)>  can  be  derived  by  making  use  of  the  so-called  admittance  parameters 
for  the  combination  of  branches  between  points  1  and  2.  This  admittance 
expression  will  be  In  terms  of  the  load  admittance  and  the  lengths  and 
characteristic  admittances  of  the  line  A  between  the  load  and  point  2  and  both 
of  the  branches  B  and  C. 

For  two  points  of  an  acoustic  system  there  are  defined  four 
admittance  parameters  which  characterize  the  system  with  respect  to  the  chosen 
points: 


Here  V  is  volume  velocity  and  P  is  sound  pressure;  subscripts  on  V  and  P  refer 
to  points  1  and  2.  The  particular  systems  considered  here  are  uniform  and 
bilateral;  thus  =  Y^g,  and  Y^^  = 

First  consider  a  section  of  liquid  column  acoustic  transmission  line 
of  length  t,  characteristic  admittance  Y^,  and  phase  constant  p,  Fig.  9(b). 
Designate  the  left  end  of  this  line  as  point  1  emd  the  right  end  as  point  2. 

The  parameter  Y^^^  for  this  section  of  line  is  the  ratio  of  voltune  velocity  at 
point  1  to  sound  pressure  at  point  1  under  the  imposed  condition  that  sound 
pressure  at  point  2  is  zero.  For  the  purpose  of  calculating  Y^^^  it  can  be 
assumed  that  there  is  a  free  surface  at  point  2  of  the  liquid  colximn.  Recall 
that  the  input  impedance  of  a  uniform,  open-end  line  is 


1+5 


(o.)  BRANCHED  ACOUSTIC  TRANSMISSION  LINE 


' - - - 

Yo,i9 

Yi  ======= 

®  (D 

(b.)  SINGLE  LINE 


(c.)  COMBINATION  OF  TWO  LINES  BETWEEN  TWO  POINTS 
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FIGURE  9 

BRANCHED  ACOUSTIC  TRANSMISSION  LINES 
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Z 


i 


with  K  -  -1 


or 


Zj^  =  Z^  tanh  jpi  =  jZ^  tang/  . 


Then 


Y  ^  Y 

11  “  Z^  “  tanpf  "  22 


To  find  peurameters  Y 


,  consider  incident  and  reflected  waves  on  the  line  with 

respectively. 

Equations  for  total  pressure  and  volume  velocity  at  a  point  on  the  line  x 
units  of  length  from  point  2  can  be  written 


21’ 

pressures  and  ^  and  volume  velocities  and  y 


P  =  P^^j  +  Ke"'^^^)  , 

V=V,  ,  (e-JP^  -Ke-JP^)  . 

(+) 


At  X  •  0 


So, 


P  =  and  V  = 


^2  =  ^(+)  ^  ^2  =  ''^(+)  • 
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p  .  (eJP*  +  Ke-J^) 


^  (,JPX  ^ 


Zg  -  Z 

Substituting  Pg  »  ^2^2  ^  “  Z — +  z  expression  for  P  gives 

2  0 


^^2  ^2 


(eJPx  +  Ke-JP^ 


)  , 


1  + 


^2^^o 


or 


P  =  ^  (Zq  +  Zg)  +  Ke'*^^*) 

Now  recall  the  defining  equation  for  Yg^: 


The  condition  Pg  =  0  implies  Zg  =  0.  Letting  Zg  =  0  in  the  derived  expression 
for  P  and  letting  x  =  /,  the  full  length  of  the  line  between  points  1  and  2, 
gives 


^  =  Z  sinh  JS£  =  JZ  sin  pi  . 
„  0  0 

^2 


Finally, 


21 


1 

J  Zq  sin  pi 


lio. 

sin  pi  ’ 
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and 


^2  “  ^21 


We  can  nov  write  the  admittance  parameters  for  two  lines  of  different 
lengths  and  characteristics  connecting  the  same  two  points  as  lines  B  and  C  of 
Fig.  9(c).  The  admittance  parameters  for  this  combination  are  the  sums  of  the 
corresponding  parameters  for  the  individual  lines. 


and 


^12  “  ^21  “  \2^®^  ^2^^^  “  Vsinpgig  '  sinS^i 


Y  Y 


C'Cj 


Now  equations  expressing  volume  velocities  at  points  1  and  2  in  terms  of  the 
sound  pressure  at  these  points  and  the  admittance  parameters  can  be  written: 


-  Y^^  +  Y^2  , 


Vg  -  Yg^  P^  +  Yg2  Pg  • 


If  it  is  assumed  that  the  branched  lines  are  terminated  in  an  admittance 
as  shown  in  Fig.  9(c),  the  volume  velocity  at  2  is 


V 


2 


The  negative  sign  is  required  because  as  it  has  been  used  in  the  definition 
of  admittance  parameters  is  volume  velocity  into  point  2;  whereas,  for  calculating 
the  input  admittance  of  the  load  at  point  2,  volume  velocity  into  the  load  is 
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used.  Substituting  this  Into  the  pair  of  volume  velocity  equations  and  trans¬ 
posing  the  left-hand  side  of  the  second  equation  gives 


^11  ^  "  ^12  ^2 


'21 


(Y22  -  Yi  )  P. 


Inpiut  admittance  at  point  1  Is  defined; 


Solving  for  this  ratio  from  the  last  pair  of  equations  and  expressing  the  product 
^12  ^21  ^12 


=  Y. 


•'12 

11  "  (Y.  +  Y  )  • 

^2 


In  terms  of  the  characteristics  and  lengths  of  individual  branches  B  and  C, 


Now  the  input  admittance  for  the  configuration  of  Fig.  9(a)  can  be  written  by 
use  of  this  expression  and  the  rules  for  admittance  transformation  along  trans¬ 
mission  lines  as  developed  in  previous  paragraphs. 
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i*-.  Wave  Filtering  Action  of  Irregular  Lines 

It  can  be  seen  in  each  of  the  transmission  line  cases  considered  except 
that  of  the  smooth,  infinite  line,  the  input  impedance  and  admittance  of  the 
line  is  frequency  dependent.  Thus,  in  general,  for  a  given  input  sound  pressure, 
a  line  accepts  acoustic  energy  selectively  vith  respect  to  frequency.  That 
is,  either  improperly  terminated  or  nonuniform  lines  exhibit  acoustic  filtering 
action. 


The  magnitude  of  sound  pressure  that  a  given  acoustic  source  produces 
at  the  input  to  its  load  is  governed  by  the  strength  of  the  source,  its  internal 
impedance  or  admittance,  and  the  input  impedance  or  admittance  of  the  load. 

If  the  load  on  a  source  is  provided  by  the  input  to  a  nonuniform,  loaded  trans¬ 
mission  line  like  those  considered  in  this  section,  it  can  be  argued  that  since 
the  line  is  vlthout  losses,  all  the  acoustic  energy  accepted  by  the  input 
admittance  of  the  line  is  dissipated  in  the  load.  Considering  this  problem 
from  the  admittance  standpoint,  the  source  and  load  csui  be  represented  as  shown 
in  Fig.  10(a).  Here  the  strength  of  the  source  is  V^,  a  volume  velocity,  and 
the  source  internal  admittance  is  Y^.  A  load  on  this  source  comprising  a 
loaded,  nondissipative  filter  is  applied  at  A.  The  input  admittance  at  A 
can  be  found  by  whatever  method  is  appropriate  for  the  filter  between  A  and  B. 
Then  the  simplified  circuit.  Fig.  10(b),  can  be  considered;  here  the  filter 
and  its  load  Y^  have  been  replaced  by  the  input  admittance  Y^.  The  so\ind 
pressure  at  point  A  can  be  written 


But 


^A  = 


Y  +  Y, 
s  i 
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(a) 


CIRCUIT  REPRESENTATION  OF  SOUND  SOURCE  AND  ITS  LOADED 
REACTIVE  FILTER  LOAD 


(b) 


CIRCUIT  REPRESENTATION  OF  LOADED  ACOUSTIC  SOURCE 


FIGURE  10 

CIRCUIT  REPRESENTATIONS  OF  ACOUSTIC  SOURCE ,  FILTER  ,  AND  LOAD 
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V 

s 


P  Y 


S  8 


So 


p  =  _S_L_  =  _ s 

Y  +  Y,  1  +  Y,/y 
si  i  s 

Then  the  sound  power  delivered  to  the  load  is 

Li 

“l  ■  '■a^  • 

Obviously  this  power  cannot  be  calculated  unless  P  and  Y  are  known  and  unless 

8  S 

Yj^  is  known  for  the  particular  load  Y^^  on  the  filter.  In  cases  of  practical 
interest  these  characteristics  are  not  known.  They  are  neither  easy  to  calculate 
nor  simple  to  measure.  Therefore,  the  power  transmitted  by  a  filter  carmot  be 
found  from  a  specification  of  the  filter  alone.  That  is,  a  given  filter  may 
perform  differently  in  different  systems. 


B.  FILTER  PERFORMAMCE  CRITERIA 
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When  designing  filters  it  would  be  desirable  to  have  a  common  basis  for 
comparing  them.  Analytical  predictions  of  their  performance  capability  in 
particular  systems  would  also  be  useful.  Since  such  predictions  cannot  ordinarily 
be  made,  a  basis  for  comparing  filters  independently  of  source  and  load  charac¬ 
teristics  must  suffice.  In  comparing  acoustic  filters,  it  is  natural  to  consider 
using  performance  criteria  analogous  to  those  customarily  applied  to  electric 
wave  filters. 

Figure  11(a)  shows  a  filter  inserted  between  a  source  and  load.  The  ratio 
of  the  magnitudes  of  sound  pressure  at  point  o,  the  filter  output  port,  to 
sound  pressure  at  point  i,  the  filter  input  port,  can  be  expressed  in  terms 
of  the  input  and  load  admittances.  Since  there  cannot  be  losses  in  the  line, 
the  power  into  point  i  must  be  the  powir  delivered  to  the  load  admittance 

1j 

at  point  0.  Expressed  in  equation  form, 

Re(Yj^)  =  Re(Y^)  . 

Or, 

|P„I 

TpJ- 

Although  this  ratio  can  be  measured  in  an  actual  system,  usually  it  cannot  be 
analytically  predicted  for  a  given  filter  because  Y. ,  and  hence  Y, ,  are  not  known. 

Another  pressure  magnitude  ratio  is  that  of  output  pressure  |p^ |  to 

blocked  soxurce  pressure  |P  |.  With  reference  to  Fig.  11(a)  it  can  be  noted 

s 

that  the  input  pressure  is  applied  across  a  parallel  combination  of  admittances 
Y  and  Y, .  Thus,  in  terras  of  volume  velocity  of  the  source, 

S  1 

V  P  Y 

1  Y  +  Y  ’  ^1  Y  +  Y  ' 

si  si 
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(a.)  ACOUSTIC  FILTER  BETWEEN  SOURCE  AND  LOAD 


filter 


(b)  ACOUSTIC  FILTER  INSERTED  IN  SMOOTH  INFINITE  LINE 


FIGURE  II 

HYPOTHETICAL  OPERATING  CONDITIONS  FOR  AN  ACOUSTIC  FILTER 


September  1962 
JVK:vh 


^1  ® 
B 


Substituting  In  the  expression  for  the  ratio  of  output  to  input  pressure  gives 


1^1 


Y 

s 


Re  Yj 

rTT 


1/2 


This  ratio  cannot  be  calculated  for  the  same  reason  that  the  output  to  input 

sound  pressure  ratio  cannot;  Y_  is  not  known. 

Li 


Another  ratio  of  Interest  is  one  that  gives  an  Indication  of  the  influence 

on  output  pressure  of  replacing  a  smooth,  uniform  line  between  a  sovirce  and  its 

load  by  a  filter.  If  the  pressure  at  the  point  o  with  a  filter  in  the  line  is 

P  and  pressure  at  the  same  point  without  a  filter  is  P  ,  then  their  ratio 
°f  °nf 

can  be  expressed 


Ip  1 

1  0^1 

Y  +  Y, 

"  ^nf 

Re  (Y  )■ 
f 

|p  1  “ 

1  °nfl 

Y  +  Y, 

®  ^f 

Re  (y  ) 
nf 

1/2 


The  subscripts  f  and  nf  refer  to  conditions  with  suid  without  filter,  respectively, 

throughout.  But,  again  Y-  must  be  known,  or  neither  Y  nor  Y  can  be  found. 

^  ^f  ^nf 

In  electric  wave  filter  theory  the  concept  corresponding  to  this  ratio 


"nf 


is  called  insertion  loss. 


Lack  of  knowledge  of  Y_  prevents  practical  use  of  any  of  the  ratios  discussed 
thus  far.  We  seek  a  basis  for  filter  comparison  Independent  of  Y^^.  We  assume 
that  a  filter  is  placed  in  an  Infinite  line  which  has  characteristic  admittance 
Y^,  Fig.  11(b).  Sinusoidal  sound  waves  incident  at  point  i  are  in  general 
partially  transmitted  and  partially  reflected.  Thus  the  total  pressure  at  point 
i  is  the  sum  of  pressures  of  incident  and  reflected  waves. 
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P  +  P 
*^1+  ^1- 


The  magnitude  ratio  of  sound  pressure  at  point  0  to  Incident  wave  sound  pressure 
at  point  1  expressed  In  terms  of  admittances  Is 


Re  (Y^)' 


1/2 


nils  ratio  can  be  calculated  if  details  of  the  filter  and  characteristic 
admittance  of  the  infinite  line  are  known.  If  a  filter  for  a  specific 
application  is  being  considered,  the  liquid  it  is  to  contain  and  the  size  of 
connecting  pipes  will  likely  be  known.  A  reasonable  choice  for  Y^  of  the 
hypothetical  infinite  line  is  that  of  a  column  of  the  liquid  contained  in  the 

l^ol 

connecting  pipes.  In  this  manual  the  ratio  jp — |-  for  the  described  conditions 

is  used  extensively.  Prom  it  we  define  a  filter  transmission  loss,  abbreviated 
T.L.  It  is  expressed  in  decibels  and  defined. 


T.L.(dB)  =  -10  log 


=  -20  log^Q  TC 


i+' 


The  ratio 


is  less  than  or  equal  to  one,  so 


1+' 


T.L. (dB)  =  0  . 
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The  four  sound  pressure  magnitude  ratios  that  have  been  discussed  are  listed 
belov; 


(l)  Output-Input 
pressure  ratio 


Re  (Tfj) 
Re  (Yj.) 


1/2 


(2)  Output-source 
soxind  pressure 
ratio 


1^1 

1^ 


Re  (Y^l 

RrTyJ 


(3)  Ratio  of  output 
sound  pressures 
with  and  without 
filters 


(U)  Output-Incident 
sound  pressure 
ratio 


lp  1 

Y 

+  Y, 

1  0^1 

s 

'nf 

IP  1 

Y 

+  Y. 

'  °nfl 

8 

'f 

. 

Re  (Y  )  ■ 
^f 

Re  (Y  ) 
nf 


1/2 


1^0 1 


0 


Re  (Y^y 


1/2 


T.L. (dB) 


-20  log. 


10  P 


i+' 


The  forms  of  these  expressions  are  uncheuxged  if  the  sound  pressure  ratios  are 
expressed  in  terms  of  impedances  rather  than  admittances. 
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C.  MECHAMICAL  FORMS  OF  FILTER  ELEaCTTS 


It  has  been  seen  that  a  liquid  column  confined  inside  a  uniform  pipe 
constitutes  a  smooth,  acoustic  transmission  line  and  that  a  nonuniform  line  in 
general  constitutes  an  acoustic  filter.  In  this  section,  consideration  is 
given  to  the  form  and  arrangement  of  mechanical  elements  that  can  be  inserted 
in  a  pipe-run  or  tee-connected  into  a  system  to  render  the  lines  nonuniform. 

From  the  transmission  line  acoustical  circuit  viewpoint,  lines  can  be  made 
nonuniform  in  many  different  ways.  Those  considered  here  are  (l)  sh\mting 
admittances  across  the  line  at  one  or  more  points,  (2)  Introducing  abrupt 
changes  in  characteristic  admittsmce  along  the  line,  (3)  shunting  admittances 
across  the  line  and  introducing  abrupt  changes  in  Y^,  and  (4)  dividing  the 
line  into  two  branches. 

In  actual  liquid  lines,  shunt  admittances  which  differ  considerably  from 
the  admittance  of  ein  equivalent  area  of  pipe  wall  can  be  introduced  by 
tee-connecting  so-called  side-branch  elements  into  the  system.  Only  branch 
elements  throuigh  which  no  net  fluid  flow  is  possible  sure  of  practical  interest. 
Resistive  elements  should  not  intentionally  be  used  as  part  of  a  side-branch 
element  if  the  methods  presented  here  are  to  be  applied  in  the  analysis  of 
the  resultant  filter;  these  methods  eu’e  restricted  to  purely  reactive  filters. 
There  are  two  broad  classes  of  side-branch  elements:  (l)  those  which  behave 
very  nearly  like  an  acoustic  system  made  up  of  lumped  parameter  reactive 
elements,  and  (2)  those  to  which  lossless  transmission  line  acoustical  circuit 
representations  apply. 

Filters  with  lumped  parameter  side-branch  elements  have  received  considerably 
more  attention  in  the  experimental  program  at  Defense  Research  Laboratory  than 
those  with  distributed  parameter  branch  elements. 

Lumped  parameter  branch  elements  of  interest  are  those  that  can  be  adequately 
represented  by  an  acoustic  inerteince  and  compliance  in  series.  Many  different 
mechanical  assemblies  can  be  used  to  approximate  this  series  combination. 

Those  discussed  here  are  (l)  spring-piston  assemblies,  (2)  disk  spring  assemblies, 
(5)  metal  bellows,  and  (4)  confined  gases.  Sketches  of  these  are  shown  in 
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Figs.  12  and  I3.  The  acoustical  circuit  and  sample  calculations  for  approxi¬ 
mating  shunt  admittances  of  these  branch  elements  are  also  given. 

In  all  cases,  m  Is  the  effective  mass  of  mecheuilcal  elements  that  move  In 
response  to  applied  sound  pressure,  S  Is  the  effective  area  of  the  compliant 
acoustical  element,  and  k  Is  the  effective  stiffness  of  the  compliant  element. 

The  spring-piston,  side-branch  element  of  Fig.  12(a)  comprises  a  piston 
exposed  to  the  acoustic  medl'un  on  one  side  euid  backed  by  a  spring  on  the  other. 

It  Is  sealed  against  leakage  by  flexible  diaphragm  seals.  The  spring-piston 
assembly  Is  housed  In  an  enclosure  suitable  for  adapting  It  to  the  system  piping. 
The  piston,  the  raedliim  In  front  of  the  piston,  and  part  of  the  spring  all 
contribute  to  the  effective  mass  ra.  If  the  space  immediately  in  front  of  the 
piston  communicates  to  the  main  liquid  column  inside  the  flow  line  by  narrow 
passages  or  tubes,  then  there  is  an  inertance  contribution  from  such  constrictions. 
The  effective  stiffness  k  Is  that  of  the  spring. 

The  disk  spring  assembly.  Fig.  12(b)  is  an  assembly  of  bellville  spring 
washers  stacked  In  series,  held  together  by  formed  metal  ferrules,  capped  at 
one  end,  and  coated  with  rubber  to  form  a  liquid  seal.  The  effective  mass  is 
that  of  the  cap  and  a  part  of  that  of  the  spring  assembly.  The  mass  of  the 
liquid  which  moves  with  the  assembly  is  also  a  part  of  the  total  effective  mass 
and  any  tubes  or  constrictions  present  contribute  to  the  total  Inertance.  The 
stiffness  is  that  of  the  spring  assembly.  Bellville  washers  are  nonlinear; 
their  stiffness  decreases  with  deflection  until  they  become  flat.  At  one 
deflection  they  may  have  zero  stiffness.  Thus,  the  compliance  of  a  disk  spring 
branch  element  increases  with  system  static  pressure. 

Metal  bellows  type  branch  elements  are  much  like  the  disk  spring  elements 
except  that  a  corrugated  metal  bellows  is  used  for  a  compliant  element.  Because 
of  their  complicated  shape,  metal  bellows  not  carefully  engineered  to  have 
constant  stiffness  may  be  nonlinear  and  may  show  marked  changes  in  stiffness 
with  changes  in  deflection. 
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FIGURE  13 

CONFINED  GAS,  LUMPED-PARAMETER  SIDE- BRANCH 
FILTER  ELEMENT 
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Other  series  resonant  side-branch  elements  can  be  devised.  Confined 
volumes  of  gas  (Fig.  13 )  can  be  used  to  provide  compliance;  the  mass  of  some 
of  the  acoustic  medium  In  a  branch  tube  will  supply  Inertance. 

Calculations  appropriate  for  finding  the  shunt  admittances  of  combinations 
of  various  types  of  lumped  parameter  branch  elements  are  given  in  detail  In 
Chapter  III. 

The  only  type  of  distributed-parameter,  side -branch  element  that  has  been 
InvestigaLed  experimentally  in  the  filter  work  at  DRL  is  the  closed-end,  liquid- 
filled  stub.  Fig.  14.  The  shunt  impedeuice  for  such  an  element  can  be  calculated 
by  use  of  the  transmission  line  equations  used  for  finding  the  input  admittance 
of  a  smooth,  finite  line  terminated  by  an  infinite  impedance.  Figure  14(a) 
shows  a  straight  stub  tee-connected  to  the  flow  line  and  running  perpendicular 
to  it.  The  stub  can  also  be  run  along  the  pipe  or  can  even  be  formed  around 
it,  as  in  Fig.  14(b).  Flow  fairings  of  rubber  or  some  similar  material  may 
be  used  in  stubs. 

It  is  possible  to  intermix  the  types  of  bremch  elements  used  in  a  single 
filter,  but  such  filters  will  not  be  explicitly  discussed  here.  However,  the 
analytical  methods  developed  are  sufficiently  general  to  handle  filters  with 
different  types  and  any  finite  number  of  branch  elements.  It  must  be  remembered 
that  actual  filter  elements  depart  considerably  from  the  idealized  cases 
considered  in  deriving  the  equations  for  input  admittance  and  transmission  loss; 
it  is  not  recommended  that  the  methods  given  be  applied  to  filters  with  a 
large  number  of  elements.  The  calculations  required  for  finding  the  transmission 
loss  as  a  function  of  frequency  for  filters  become  quite  burdensome  for  compli¬ 
cated  configurations.  Side-branch  filters  treated  here  have  been  limited  to 
three  or  fewer  branch  elements  of  the  same  type.  The  shunt  admittances  of  the 
elements  of  a  single  filter  are  not  equal  in  all  instances. 

Nonuniformity  on  a  transmission  line  can  also  be  that  due  to  abrupt  changes 

in  characteristic  admittance.  Since  Y  for  a  liquid  column  inside  a  pipe 

°  S 

depends  on  the  normal  area  of  the  column,  ~  abrupt  enlargement 

or  reduction  in  the  line  introduces  a  change  in  cheo'acteristic  admittance. 


0.1 


(a.)  CLOSED-END  BRANCH  TUBE 


FIGURE  14 

DISTRIBUTED-PARAMETER  SIDE-BRANCH  FILTER  ELEMENTS 
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Enlargements  of  the  pipe  are  considered  more  attractive  than  reductions,  since 
reductions  increase  flow  resistance.  -Such  enlargements  have  come  to  be  called 
expansion  chambers,  although  the  term  is  somewhat  misleading.  Sudden  enlarge¬ 
ments  in  flow  lines  also  increase  flow  resistance,  but  it  is  likely  that 
expansion  chambers  could  be  faired  with  bushings  of  solid  rubber  or  some  other 
material  without  seriously  impairing  their  effectiveness  as  filter  parts. 

Figures  15(a)  and  (b)  show,  respectively,  single  and  double  expansion  chambers 
in  a  flow  line.  Figure  15(c)  shows  an  expansion  chamber  with  a  bushing  of 
rubber  or  other  suitable  solid  material  to  reduce  turbulence.  The  material  of 
such  a  fairing  should  have  the  same  specific  acoustic  impedance  (pv)  as  the 
liquid  in  the  system. 

Combination  filters  which  make  use  of  both  shunt  admittances  and  changes 
in  characteristic  admittance  are  made  by  using  both  exp.'  Ion  chambers  and 
side -branch  elements  in  the  same  line.  The  mechanical  fo,  of  several  different 
combination  filters  are  shown  in  Fig.  l6.  Figure  l6(a)  r’  ,ws  combination 
filters  with  single,  lumped  parameter,  side-branch  elements;  whereas  Fig.  l6(b) 
shows  a  combination  filter  with  two  chambers  and  two  closed-end  stub,  distributed 
parameter,  branch  elements.  The  dotted  lines  indicate  how  the  stubs  can  be 
placed  around  the  pipe  between  the  chambers  for  compactness. 

A  physical  counterpart  of  the  branched  acoustic  transmission  line  is  shown 
in  Fig.  17.  Two  tee -connections  are  made  at  separated  points  on  a  flow  line, 
and  a  second  line  of  different  acoustic  length  connects  them.  This  configuration 
is  known  as  a  Quincke  tube.  Fig.  lT(a). 

Fairing  sleeves  can  be  used  with  the  Quincke  tube  since  only  one  of  the 
two  psurallel  lines  is  required  for  the  steady  flow  of  liquid.  Figure  17(6) 
shows  a  Quincke  tube  with  fairing  plugs  at  both  tee -connections. 
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FILTER 


(a)  SINGLE  CHAMBER 


(b)  DOUBLE  CHAMBER 


(c)  SINGLE  CHAMBER  WITH  FAIRING  BUSHING 
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FIGURE  15 

EXPANSION  CHAMBER  FILTERS 


(a  )  COMBINATION  FILTERS  WITH  LUMPED- PARAMETER  BRANCH  ELEMENTS 


(b.)  COMBINATION  FILTER  WITH  DISTRIBUTED  PARAMETER  BRANCH  ELEMENT 


FIGURE  16 

COMBINATION  FILTERS 
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(o)  BRANCHED  LINE  OR  QUINCKE  TUBE 


FIGURE  17 

QUINCKE  TUBE  FILTERS 


JVK  -  PVW 
9-27-62 
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To  calculate  the  transmission  loss  of  a  filter,  one  must  have  sufficient 
Information  to  be  able  to  drav  the  transmission  line  acoustical  circuit  and  specify 
it  fully  in  terms  of  nvimerlcal  values.  There  may  be  a  tendency  for  those  experi¬ 
enced  in  the  mechsmlcal  design  of  piping  systems  to  regard  elements  inserted  in  a 
system  as  having  input  and  output  ports  at  their  points  of  connection  to  the  system 
piping.  It  must  be  emphasized  that  acoustic  filters  may  include  some  of  the 
piping.  It  is  Important,  therefore,  to  specify  carefully  the  points  taken  as  the 
input  and  output  ports  of  a  filter.  Parts  of  the  system  betveen  the  noise  so\irce 
and  the  filter  input  port  must  be  regarded  as  part  of  the  source;  similarly,  parts 
of  the  system  beyond  the  filter  output  port  are  taken  as  part  of  the  load. 

Consider  the  side-branch  filter  of  Fig.  l8.  Figure  l8(a)  shows  a  representa¬ 
tion  of  the  mechanical  layout  of  the  filter.  The  end  points  are  specified,  and 
the  distances  between  adjacent  branch  elements  and  filter  ports  are  given. 

Figixre  18(b)  is  a  sketch  of  the  filter  transmission  line  acoustical  circuit  with 
the  ideal  acoustic  element  representation  of  each  branch  shown.  Figure  l8(c)  shows 
the  transmission  line  acoustical  circuit  for  the  filter  with  branch  elements  repre¬ 
sented  by  their  shunt  admittances.  If  numerical  values  of  all  the  quantities 
symbolized  in  Fig.  18(c)  are  known,  the  filter  is  completely  specified;  otherwise 
it  is  not.  Remember  that  the  branch  admittances  are  in  general  frequency  dependent. 

Similar  data  are  given  to  specify  an  expansion  chamber  filter  except  that  in 
this  case  the  characteristic  admittance  along  the  line  changes,  euid  localized 
shunt  admittances  are  not  present.  Figure  19(a)  shows  a  generalized  expansion 
chamber  filter,  and  Fig.  19(b)  gives  the  appropriate  acoustical  circuit  with  the 
information  required  to  specify  it  completely. 

Similar  sketches  are  given  for  a  combination  filter  in  Fig.  20  and  for  a 
Quincke  tube  filter  in  Fig.  21. 

In  all  cases,  the  lengths,  characteristic  acoustic  admittances,  and  wave 
velocities  of  all  pipes  and  chambers  that  are  part  of  the  filter  must  be  specified. 
If  in  addition  the  filter  has  side-branch  elements,  their  admittances  must  also 
be  given. 


6? 


(a.)  MECHANICAL  ARRANGEMENT  N- ELEMENT  SIDE-BRANCH  FILTER 


i  :  length  Yq  =  CHARACTERISTIC  ADMITTANCE 

V  :  WAVE  VELOCITY  Yb  =  BRANCH  ADMITTANCE 


(C.)  TRANSMISSION  LINE  ACOUSTICAL  CIRCUIT  SHOWING  SHUNT  ADMITTANCE  OF 
BRANCH  ELEMENTS 


i 

I 

I 
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FIGURE  18 

SPECIFICATION  OF  SIDE- BRANCH  FILTERS  IN  ACOUSTICAL  TERMS 


(O.)  MECHANICAL  ARRANGEMENT  OF  GENERALIZED  EXPANSION  CHAMBER  FILTER 


i  s  LENGTH  Yq  r  CHARACTERISTIC  ADMITTANCE 

V  »  WAVE  VELOCITY 


(b.)  TRANSMISSION  LINE  ACOUSTICAL  CIRCUIT  OF  EXPANSION  CHAMBER  FILTER 


FIGURE  19 

SPECIFICATION  OF  EXPANSION  CHAMBER  FILTERS  IN  ACOUSTICAL  TERMS 


ORL  -  UT 
B  -10-62 


i  =  LENGTH  Yq  :  CHARACTERISTIC  ADMITTANCE 

V  =  WAVE  VELOCITY  Yg  =  BRANCH  ADMITTANCE 


(b.)  TRANSMISSION  LINE  ACOUSTICAL  CIRCUIT  OF  COMBINATION  FILTER 


FIGURE  20 

SPECIFICATION  OF  COMBINATION  FILTERS  IN  ACOUSTICAL  TERMS 
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- FILTER . . . 

(a)  MECHANICAL  ARRANGEMENT  OF  QUINCKE  TUBE  FILTER 
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(b)  TRANSMISSION  LINE  ACOUSTICAL  CIRCUIT  REPRESENTATION  OF 
QUINCKE  TUBE  FILTER 


FIGURE  21 

SPECIFICATION  OF  QUINCKE  TUBE  FILTER  IN  ACOUSTICAL  TERMS 
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CHAPTER  III:  FILTER  DESIGN 
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A.  INTROKJCTIOH 


The  predicted  tranamlBslon  loss  curves  for  several  acoustic  filters  are 
presented  In  this  chapter.  There  are  em  Infinite  ntanber  of  variations  and 
combinations  of  these  filters,  but  curves  for  only  a  selected  few  were  calculated. 
They  are  the  simpler  configurations  and  probably  the  most  practical.  Wherever 
possible,  the  relationships  between  frequencies,  transmission  loss,  and  physical 
quantities  are  normalized  so  that  the  results  cam  apply  to  many  different 
physical  situations.  The  transmission  loss  of  other  configurations  can  be 
calculated  by  using  the  expressions  in  Chapter  II  or  the  computer  program 
presented  In  Appendix  B. 

The  first  class  of  filter  considered  is  the  side-branch  filter  with  resonsuit 
elements  that  present  an  infinite  shimt  admittance  at  only  one  frequency.  The 
transmission  loss  for  a  single  element  filter  does  not  depend  on  the  position 
of  the  element  with  respect  to  the  noise  source.  But  it  does  depend  on  a  param¬ 
eter,  q,  that  relates  the  element  compliance  and  resoneint  frequency  to  the 
piping  system  characteristic  admittance. 

When  two  or  three  identical  sections  6u:e  cascaded,  a  greatly  increased 
transmission  loss  is  predicted.  Effectiveness  now  depends  upon  element  spacing 
as  well  as  upon  q.  Transmission  loss  curves  are  presented  for  two-  suid  three- 
section  side-branch  filters.  These  filters  provide  wider  attenuation  bands 
and  characteristics  that  are  well  suited  to  noise  sources  with  large  single 
frequency  components  at  a  fundamental  and  its  hemnonics.  One  side-branch  element 
is  resonated  at  the  fundamental  and  the  others  at  one  or  two  of  the  harmonics. 

The  second  class  of  filter  presented  uses  a  side-branch  element  that 
resonates  at  several  frequencies.  This  element  is  a  closed-end  tube  that 
resonates  at  frequencies  for  which  its  length  is  an  odd  multiple  of  a  quarter 
wavelength  in  the  tube.  If  the  length  is  made  a  quarter  wavelength  at  the 
fundamental  frequency  of  a  noise  source,  an  infinite  transmission  loss  occ\irs 
there  and  at  odd  harmonics.  The  effectiveness  of  such  a  filter  does  not  depend 
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on  element  placement,  but  the  vldth  of  the  attenuation  band  neeu:  each  null 
depends  on  the  ratio  of  the  characteristic  admittance  of  the  side-branch  pipe 
to  that  of  the  system  piping.  Many  combinations  of  multiple  sections  are 
again  possible,  but  the  response  function  for  filters  with  many  sections  may 
become  confusingly  complex.  An  example  of  the  use  of  two  closed  tubes  at  the 
sane  point  is  also  given. 

Expansion  chambers  comprise  the  third  class  of  filters  covered.  These 
filters  provide  broad  attenuation  bands  with  no  infinities  of  transmission  loss. 
The  maximum  transmission  loss  depends  on  the  ratio  of  the  cheuracteristic  admit¬ 
tance  of  the  enlarged  section  to  that  of  the  system  piping.  For  practical 
piping  this  admittance  ratio  is  very  nearly  equal  to  the  ratio  of  cross  sectional 
areas. 

The  single  section  expansion  chamber  is  simple  to  construct,  but  large  size 
is  required  for  large  transmission  loss  at  low  frequencies.  Much  larger  trans¬ 
mission  losses  are  attainable  with  multiple  sections;  again,  however,  many 
combinations  are  possible,  toly  two  sections  are  considered  here,  but  several 
curves  are  required  to  Indicate  the  effects  of  changing  the  various  parameters. 

Some  of  the  advantages  of  the  expansion  chamber  and  the  resonant  side-branch 
filter  may  be  obtained  by  combining  the  two  types.  The  lumped  element  side- 
branch  resonator  combined  with  an  expemsion  chamber  produces  a  transmission  loss 
with  an  infinite  value  at  the  resonator  frequency,  but  it  may  degrade  the  broad 
bsmd  characteristic  of  the  expansion  chamber.  A  few  of  the  possible  arrangements 
are  presented. 

A  combination  of  the  closed-end  side-branch  tube  and  the  expansion  chamber 
can  provide  repeated  infinities  of  transmission  loss  and  retain  the  broad  band 
character  of  the  expansion  chamber.  A  special  case  of  this  combination  is 
called  the  re-entrant  chamber;  several  variations  of  this  type  are  presented. 

The  single  and  double  re-entrant  chamber  filters  are  rather  easily  constructed 
and  provide  attractive  transmission  loss  characteristics. 
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The  final  type  of  filter  presented  is  the  Quincke  tube.  This  eurremgement 
of  branched  tubes  has  several  tremsmission  loss  infinities  that  may  be  useful 
for  some  narrow  bend  noise  sources. 

Following  the  filter  response  curves  several  nomographs  are  included  to 
aid  in  the  calculations  necessary  to  acoustic  filter  design.  The  methods  for 
determining  values  of  the  compliance,  Inertance,  euid  parameter  q  for  the  lunq)ed- 
element  side-branch  are  presented.  The  characteristics  of  air-filled,  side-branch 
elements  depend  on  pressure;  this  dependence  is  presented  in  graphical  form. 
Instructions  for  the  calculation  of  wave  velocity  and  characteristic  admittance 
for  system  piping  are  also  given;  in  addition,  methods  are  shown  for  the  calcu¬ 
lation  of  expansion  chamber  m  and  length,  closed-end,  side-branch  q  and  length, 
re-entrant  chamber  q  and  length,  and  Quincke  tube  pipe  lengths. 

Finally,  example  problems  are  presented  to  indicate  the  procedures  used  in 
designing  filters  for  particuleu*  applications.  Since  no  unique  solution  exists 
for  a  given  noise  soxurce,  several  types  of  filters  are  considered  for  some  of 
the  noise  reduction  problems. 


B.  TRAWSM1S8I0H  LOSS  CURVES 
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It  has  been  pointed  out  In  Chapter  II  that  of  the  many  ways  to  chauracterlze 
acoustic  filter  performance  the  transmission  loss  Is  the  best  for  compeurlng 
one  type  of  filter  with  others.  Transmission  loss  Is  calculated  for  the  filter 
terminated  In  the  characteristic  admittance  of  the  system  piping;  and  It  gives, 
as  a  function  of  frequency,  the  reduction  In  noise  level  In  dB  produced  by  the 
filter  when  used  under  these  conditions.  The  transmission  loss  curves  to  follow, 
then,  give  a  good  basis  for  comparing  filters  but  not  an  accurate  measure  of 
the  noise  reduction  to  expect  In  an  actual  installation. 

Several  factors  may  prevent  the  actual  noise  reduction  for  a  particular 
installation  from  being  equal  to  the  transmission  loss.  Terminating  admittance 
may  differ  widely  from  and  noise  reduction  may  be  enhanced  at  some  frequencies 
and  degraded  at  others.  The  metal  pipe  structure  may  provide  another  path  to 
propagate  noise  past  a  filter.  Flow  noise  in  high  volume  systems  can  produce 
noise  In  the  filter  itself.  For  these  several  reasons,  attempts  to  achieve 
very  large  transmission  losses  are  not  recommended.  The  filters  included  are 
thus  rather  simple  and  do  not  promise  large  noise  reductions  except  at  some 
very  selected  frequencies. 

1.  Lumped  Element  Side-Branch  Filters 

The  first  set  of  transmission  loss  curves  (Fig.  22)  are  for  a  single 
section,  resonant,  side-branch  filter.  The  branch  element  can  be  suiy  type  that 
provides  a  single  admittance  infinity  at  its  resonant  frequency.  A  very  large 
loss  is  predicted  for  that  frequency.  The  response  does  not  depend  on  location 
of  the  side-branch  element  with  respect  to  the  noise  source.  A  quantity  that 
controls  the  bandwidth  of  the  rejection  band  is  a  parameter,  q,  which  is  the 
ratio  of  the  admittance  of  the  compliance  at  the  resonant  frequency  to  the 
characteristic  admittance  of  the  pipe  on  which  the  element  is  placed. 

This  type  of  filter  is  quite  simple  and  is  useful  in  providing  a  large 
transmission  loss  at  a  single  frequency.  For  large  q  it  can  also  provide 
good  noise  reduction  over  a  wide  bandwidth.  For  a  given  size  pipe,  which 
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FIGURE  22 

SIDE-BRANCH  FILTER- SINGLE  SECTION 
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fixes  Y^,  and  a  desired  resonant  frequency,  f^,  the  value  of  q  depends  directly 
on  compliance.  In  practice  there  are  limits  on  compllwce  that  will  be  discussed 
later. 


Greater  transmission  loss  can  be  obtained  by  using  two,  Identical, 
luiiq>ed  parameter,  resonauit,  side-branch  elements  as  shown  In  Fig.  23.  It  Is 
Important  that  the  two  elements  be  sepsurated  by  some  length  of  pipe.  If  they 
are  placed  at  the  same  position,  the  filter  Is  still  a  single  section  filter 
with  q  Increased  by  a  factor  of  two.  This  predicts  about  6  dB  Increase  In 
transmission  loss,  while  the  two  section  filter  of  Fig.  25  gives  approximately 
twice  the  transmission  loss  of  the  single  section. 

The  curve  shape  has  changed  somewhat  from  that  of  the  single  section 
filter  and  depends  on  the  length  of  the  intervening  pipe.  This  dependence  will 
be  discussed  shortly.  The  overall  noise  reduction  and  bandwidth  still  depend 
on  the  q  of  the  side-branch  elements.  Because  of  the  limitations  mentioned 
earlier  It  is  unlikely  that  transmission  losses  of  greater  than  6O-7O  dB  can 
be  attained  In  practical  systems.  The  higher  values  of  q  seem  unnecessary  then; 
however,  they  do  result  in  filters  with  Iso-ger  bandwidths  them  those  obtained 
for  low  q's. 

A  variation  on  the  two-section  filter  that  is  useful  in  suppressing  the 
fundamental  and  second  harmonic  of  a  periodic  noise  source  is  shown  in  Fig.  24. 

Here  the  side-branch  elements  have  identical  values  of  q,  but  element  No.  1  is 

resonant  at  the  noise  source  fundamental,  while  element  No.  2  is  resonant  at 
twice  that  frequency.  The  pipe  length  between  elements  Is  shorter  than  in 
Fig.  25  to  move  the  first  loss-of -attenuation  peak  to  a  higher  frequency.  This 
procedure  gives  less  transmission  loss  at  low  frequencies,  but  a  wider  attenu¬ 
ation  band  Is  obtained. 

The  effect  of  the  ratio  of  the  resonant  frequency  of  element  No.  2  to 
that  of  No.  1  is  shown  in  Fig.  25.  Both  side-branch  elements  have  q  =  100,  but 

the  separation  between  elements  is  greater  than  that  for  the  filter  of  Fig.  24. 

The  greater  length  gives  greater  tremsmisslon  loss  below  the  resonant  frequencies. 
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FIGURE  23 

SIDE-BRANCH  FILTER- TWO  IDENTICAL  SECTIONS 


FIGURE  25 

SIDE- BRANCH  FILTER  -  TWO  SECTION 
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The  filter  loses  effectiveness  nesr  the  frequency  at  which  I  equals  \/2,  but 
if  f^g  is  above  this  frequency,  an  infinity  does  result. 

The  effect  of  the  distance  between  elements  on  transmission  loss  for 
a  two-section  side-branch  filter  with  identical  elements  Is  shown  in  Fig.  26. 

The  resonant  frequency  of  the  side-branch  elements  with  q  =  100  is  the  same  for 
each  curve,  but  the  frequency  axis  is  normalized  to  the  frequency  at  which  t 
equals  \/2.  This  is  done  because  the  shapes  of  the  normalized  curves  are  so 
nearly  alike  above  f/f^  =  1.  The  psurameter  i/i^  is  the  ratio  of  the  actual 
length  to  the  length  that  is  x/2  at  f^. 

As  further  explanation  of  these  curves  the  following  example  is  presented; 

Consider  a  piping  system  in  which  the  sound  velocity  is  l+OOO  fps,  and 
f^  =  100  cps  is  desired.  It  is  desired  to  obtain  the  response  for  =  O.5, 

and  the  spacing  between  the  elements,  t,  must  be  calculated.  Since  =  v/2f^  = 
4000/2  X  100  =  20  ft,  i  =  20  X  0.5  =  10  ft.  These  conditions  make  f^  =  - 

100/0.5  ■  200  cps.  The  lowest  frequency  of  20  dB  transmission  loss  is  0.072 
times  f^,  or  f^^  =  0.072  x  200  =  14. 4  cps.  The  first  frequency  at  which  the 
transmission  loss  curve  crosses  20  dB  again  is  0.97  times  f^,  or  fg  =  O.97  x  200  = 
194  cps.  The  dimensionless  frequencies  0.072  and  0.97  are  taken  from  the 
l/l^  =  0.5  curve.  It  can  be  seen  from  the  curve  that  other  attenuation  bands 
exist  at  frequencies  above  f/f^  =  1. 

The  curve  for  =1.0  appears  to  be  most  desirable.  The  use  of  this 

condition  is  hot  recommended,  however,  unless  precise  means  for  adjusting  f^ 
sure  provided.  The  lengths  and  resonant  frequencies  must  be  very  accurately 
produced  to  obtain  the  desired  condition.  If  the  cancellation  is  not  complete, 
a  noise  component  near  that  frequency  will  pass  through  the  filter  with  very 
little  loss. 

Three  identical  sections  are  cascaded  to  produce  the  lumped  parameter 
side-branch  filter  shown  in  Fig.  ZJ.  The  curve  shapes  are  very  much  like  those 
for  the  two-section  filters  of  Fig.  23.  Greater  transmission  loss  is  predicted 
here,  but  for  practical  filters  it  is  doubtful  that  any  improvement  of  a 
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FIGURE  26 

SIDE-BRANCH  FILTER-TWO  IDENTICAL  SECTIONS 


FIGURE  27 

SIDE-BRANCH  FILTER -THREE  IDENTICAL  SECTIONS 
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three-section  over  a  tvo-sectlon  filter  could  be  obtained  without  taking  special 
pains  to  prevent  mechanical  coupling  and  noise  regeneration. 

A  three-section  filter  can  be  used  to  suppress  the  fvmdamental  and  the 
second  and  third  harmonics  of  a  periodic  source.  Such  an  arrangement  that  also 
provides  a  wide  rejection  band  is  shown  in  Fig.  28. 

As  in  the  case  of  the  two-section  filter,  the  response  of  the  three- 
section  filter  depends  on  element  spacing.  This  dependence  is  shown  in  Fig.  29. 

The  same  calculations  can  be  made  as  for  the  two-section  filter,  and  the  same 

precautions  for  the  case  of  ill  =  1  should  be  noted. 

0 

2.  Closed-End  Tube,  Side-Branch  Filters 

The  side-branch  element  consisting  of  a  closed-end,  liquid-filled  tube 
produces  admittance  infinities  and  thus  infinities  of  transmission  loss.  These 
infinities  occur  at  frequencies  at  which  the  tube  length  is  an  odd  multiple  of 
one-fourth  wavelength.  This  repetitive  nature  is  shown  by  the  insert  in  Fig.  JO. 
The  transmission  loss  curves  have  repeated  rejection  bands  with  the  bandwidth 
determined  by  a  parameter,  q'.  This  parameter  is  the  ratio  of  the  characteristic 
admittance  of  the  side-branch  tube  to  that  of  the  system  piping.  In  most  cases, 
q'  is  approximately  the  ratio  of  the  side-branch  tube  cross  section  Eurea  to 
pipe  section  area. 

The  transmission  loss  cxirves  are  drawn  accurately  only  for  a  range  of 
from  zero  to  two.  The  frequency  scale  ceui  be  simply  changed  to  cover  any 
higher  ratio.  Since  the  curves  repeat,  to  go  above  f/f^  =  2,  the  scale  can 
read  2,  J,  U,  with  the  transmission  loss  infinity  occurring  at  f/f  »  J.  This 
range  is  followed  by  U,  5,  6,  then  6,  7,  8,  etc. 

One  of  the  many  possible  combinations  of  multiple,  liquid -filled,  side- 
branch  elements  is  presented  in  Fig.  Jl.  The  arrangement  is  still  a  single-section 
filter,  since  both  branches  are  at  the  same  place  on  the  pipe.  The  branch  lengths 
are  chosen  to  suppress  the  fundamental  and  harmonics  of  a  periodic  source.  The 
longer  branch  tube  is  made  one-quarter  wavelength  at  the  fundamental,  f^.  Its 
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length,  Is  then 


^1  =  ^l/*"  ^0  • 

This  tube  removes  the  fundamental  and  the  odd  hsmnonlcs:  3>  1>  •••• 

length  of  the  second  branch  tube  is  chosen  to  be  a  qiiarter-vavelength  at  the 
second  harmonic  of  the  noise  source,  2f^.  Its  length  is  then 

ig  -  ^  ^0^  ' 

and  it  eliminates  the  odd  multiples  of  the  second  harmonic:  2,  6,  10,  14,  .... 
The  resulting  transmission  loss  cimres  have  infinities  at  the  fundamental  and 
all  the  hsmnonlcs  except  the  4th,  8th,  12th,  etc. 

A  filter  with  improved  broad  band  characteristics  is  obtained  by- 
separating  the  two  side-branch  tubes  used  in  Fig.  31.  It  can  be  seen  from 
Fig.  32  that  transmission  loss  infinities  occur  at  the  same  frequencies,  but 
wide  rejection  bands  are  ob-talned  for  leurge  q' . 

3.  Expansion  Chamber  Filters 

Another  simple  filter  configuration  consists  of  an  enlarged  section  of 
pipe,  or  expansion  chamber,  as  shown  in  Fig.  35-  A  broeul  band  transmission 
loss  characteristic  is  produced  with  the  magnitude  related  to  a  parameter,  m. 
This  quantity  is  the  ratio  of  the  characteristic  admittance  of  the  enlarged 
section  to  that  of  the  rest  of  the  piping  in  the  system.  The  chosen  values  of 
m  are  related  by^/ 10,  which  makes  the  maximum  transmission  loss  increase  by 
10  dB  from  one  curve  to  the  next. 

Filtering  action  of  the  expansion  chamber  results  from  reflections  at 
the  ends  of  the  chamber.  This  gives  rise  to  the  repetitive  nature  of  the 
curves.  The  maxima  of  transmission  loss  occur  at  frequencies  for  which  the 
chamber  length  is  an  odd  multiple  of  a  quarter  wavelength,  and  the  minima 
occur  at  frequencies  for  which  the  chamber  length  is  a  multiple  of  a  half 
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wavelength.  For  convenience,  the  frequency  scale  is  normalized  to  the  frequency 
at  which  the  chamber  la  one-half  wavelength  long.  If  the  maximum  attenuation 
Is  desired  at  some  frequency  f^,  the  length  of  the  chamber  that  will  produce 
the  desired  result  Is 

t  =  r~  (2n  +  1)  ,  n  =  0,  1,  2,  ...  . 

^1 

The  wave  velocity  In  the  chamber  Is  v,  and  the  shortest  chamber  with  the  widest 
rejection  band  will  be  given  by  the  value  of  I  for  n  »  0.  The  maximum  trans¬ 
mission  loss  for  large  m  Is  then  given  by  the  following: 

T.L.  max  *  20  (m)  -6  dB  ,  m  =  10  . 

There  are  limitations  on  the  size  of  m.  The  filter  theory  presented 
here  Is  based  on  plane  wave  propagation  of  sound  in  pipes.  This  is  referred 
to  as  the  zero  order  propagation  mode.  There  are  other  higher  order  modes 
that  will  be  propagated  at  higher  frequencies.  The  higher  order  modes  will 
not  be  affected  by  the  filter  elements  in  the  same  way  as  the  zero  order  mode 
and  the  filter  effectiveness  may  be  nullified.  With  each  higher  order  mode 
there  is  a  cutoff  frequency  below  which  it  will  not  be  propagated.  The  cutoff 
frequencies  depend  on  pipe  diameter  and  in  general  decrease  as  pipe  diameter 
increases.  Thus,  in  designing  filter  elements,  particulsnrly  expansion  chambers, 
care  must  be  taken  to  keep  chamber  sizes  small  enough  to  prevent  the  propagation 
of  higher  order  modes  at  frequencies  in  the  desired  noise  reduction  region. 

These  limits  on  size  are  given  in  Chapter  III,  C,  1,  Sound  Velocity  in  Pipes. 

In  the  case  represented  by  Fig.  55 >  and  In  the  following  discussion  of 
other  expansion  chambers,  the  lengths  of  chambers  and  connecting  tubes  are 
acoustical  lengths.  Filter  calculations  are  based  on  the  ratio  of  physical 
lengths  to  sound  wavelength  in  the  element.  In  the  previous  case,  the  chamber 
length  was  made  equal  to  \/k  at  the  frequency  of  interest.  In  the  cases  to  be 
considered  next,  length  ratios  will  be  considered,  and  equal  sound  velocities 
will  be  assumed.  When  sovind  velocities  differ,  ratios  of  must  be  considered. 
For  example,  the  condition  given  as  implies  =  ^2^2’  leads 
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to  the  relationship 


ilAi  -  • 

Thusj  to  make  two  physical  tube  lengths,  and  with  different  sound 
velocities,  and  Vg,  have  equal  acoustical  length, 

v^/v^  . 

Two  expansion  chamber  filters  can  be  cascaded  as  in  Fig.  5*+  to  obtain 
greater  transmission  loss  than  that  obtained  with  one  chamber.  The  meoclmum 
transmission  loss  for  this  arrangement  of  two  identical  sections  is  given  by 

T.L.  max  ~  40  logj^Q  (m)  -6  dB  ,  m  =  10  . 

The  shapes  of  the  curves  are  modified  from  those  of  the  single  chamber  to  give 
a  reduced  rejection  bandwidth. 

Again  the  maximum  transmission  loss  occurs  at  the  frequencies  that 
make  the  chamber  odd  quarter-wavelengths  long,  and  zeros  occur  at  frequencies 
that  make  the  chamber  length  multiples  of  \/2.  The  frequency  is  again  normalized 
to  the  frequency  of  the  first  multiple  of  \/2. 

There  are  many  physical  dimensions  of  the  two-section  expansion  chamber 
filter  that  could  be  varied.  Each  of  these  may  have  profound  effects  on  the 
transmission  loss  curves.  Several  figures  to  follow  will  show  the  effects 
of  length  of  connecting  tube,  the  length  of  chamber  No.  1  with  respect  to 
chamber  No.  2,  and  of  m  for  chamber  No.  1  and  connecting  tube  lengths  different 
from  those  of  Fig.  54. 

Transmission  loss  curves  are  presented  in  Figs.  55 >  56,  and  57  for  a 
two-section  expansion  chamber  filter  with  identical  chambers.  In  these  figures, 
the  ratio  of  the  connecting  tube  length,  l^,  to  the  chamber  length,  is 
varied  from  zero  to  2.0.  If  a  broad  rejection  band  at  low  frequencies  is 
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FIGURE  34 

TWO  SECTION  EXPANSION  CHAMBER  FILTER 


FIGURE  35 

TWO  SECTION  EXPANSION  CHAMBER  FILTER 
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desired,  it  Is  evident  from  Fig.  36  that  should  be  between  O.5  and  1.0  times 
f^.  For  valuer  lower  than  this  (Fig.  35),  the  transmission  loss  bandwidth  and 
magnitude  are  both  reduced.  For  ratios  greater  than  1.0  the  same  effects  are 
noted  (Fig.  37).  Another  observation  that  can  be  made  Is  that  the  length,  ig, 

Is  not  critical  as  long  as  It  Is  approximately  equal  to  the  chamber  length. 

The  Improvement  obtained  over  a  single  cheunber  by  the  addition  of  a 
second  chamber  Is  shown  In  Figs.  38  and  39-  Even  for  the  case  In  which  the 
length  of  chamber  No.  1  equals  0.1  of  that  of  chamber  No.  2,  am  Increase  In 
transmission  loss  Is  obtained.  For  this  case,  the  response  above  f/f^  =  1  Is 
almost  as  good  as  two  equal  length  chambers.  The  curves  are  so  lacking  In 
symmetry  that  few  general  statements  about  the  effects  of  the  second  chamber 
can  be  made.  It  Is  evident  from  the  curves,  however,  that  the  transmission 
loss  In  the  region  of  the  maxima  Is  Increased  and  width  of  the  rejection  bands 
Is  reduced  by  the  addition  of  a  second  chamber. 

The  effect  on  transmission  loss  caused  by  chsuiging  m  for  two  unequal 
length  chambers  Is  shown  in  Figs.  40  and  41.  In  Fig.  40,  the  first  chamber  is 
0.2  the  length  of  the  second  chamber,  and  the  connecting  tube  is  the  same  length 
as  the  second  chamber.  The  frequency  is  normalized  to  the  value  that  makes 
chamber  No.  2  a  half -wavelength  long.  The  riiaximum  transmission  loss  is  seen 
to  increase  directly  with  20  log^^g  (">)•  this  case  the  rejection  bandwidth 
also  increases  with  m. 

Figure  4l  shows  a  case  with  the  first  chamber  half  as  long  as  the 
second  chamber  and  the  connecting  tube  equal  in  length  to  the  second  chamber. 
Here  the  rejection  bands  are  somewhat  wider,  but  the  maxima  of  transmission 
loss  are  a  few  dB  less  than  for  the  equal  length  case  shown  in  Fig.  3**^. 

The  value  of  ra  was  varied  for  a  douole  expansion  chamber  filter  with 
a  short  connecting  tube  and  the  resulting  transmission  loss  curves  are  plotted 
in  Fig.  42.  The  two  chambers  are  equal  in  length,  and  the  connecting  tube  Is 
0.1  the  chamber  length.  The  rejection  bandwidths  are  narrower  than  for  the 
longer  tube  as  shown  in  Fig.  34,  but  the  transmission  loss  msocima  increase 
directly  with  20  log-j^g  (>")• 
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FIGURE  38 

TWO  SECTION  EXPANSION  CHAMBER  FILTER 


FIGURE  40 

TWO  SECTION  EXPANSION  CHAMBER  FILTER 


FIGURE  42 

TWO  SECTION  EXPANSION  CHAMBER  FILTER 
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4.  Combination  of  Expansion  Chamber  and  Lumped  Side-Branch  Element 

The  combination  of  an  expansion  chamber  filter  with  a  resonant  side- 
branch  element  can  provide  a  transmission  loss  Infinity  as  well  as  the  broad 
band  characteristic  of  the  expansion  chamber.  Figure  45  shows  such  a  combination 
with  the  chamber  m  =  10  and  the  side -branch  element  q  =  100.  The  side -branch 
element  can  be  placed  on  the  pipe  or  the  expansion  chamber  as  long  as  it  is 
near  the  pipe-chamber  Junction.  The  same  transmission  loss  curve  will  result 
If  the  branch  element  is  on  either  end  of  the  chamber. 

With  the  resonant  frequency,  within  the  first  rejection  band  of 
the  chamber,  the  transmission  loss  is  greatly  increased.  An  undesirable  spike 
occurs  except  when  is  the  frequency  at  which  the  chamber  length  equals  \/4. 

This  condition  for  chamber  length  equal  to  X./4  at  f^  is  an  advantageous  one, 
since  the  transmission  loss  and  rejection  bandwidth  are  both  greatly  increased; 
however,  it  may  be  difficult  to  obtain  and  maintain  in  a  physical  system. 

The  effect  of  the  value  of  ra  for  the  expansion  chamber  on  the  transmission 
loss  curves  is  shown  in  Fig.  44.  The  side-breinch  resonant  frequency  is  O.5  f^ 
and  q  =  100.  It  is  seen  that  increasing  m  increases  the  transmission  loss 
maxima,  but  the  width  of  the  first  rejection  band  is  considerably  reduced.  If 
most  of  the  energy  of  the  noise  source  lies  in  the  region  of  the  first  rejection 
band,  it  would  be  advantageous  to  use  a  small  m  with  the  attendant  saving  in 
space. 


The  importance  of  large  q  for  the  branch  element  is  shown  by  Fig.  45- 
The  curves  are  computed  for  a  chamber  m  =  10.  The  rejection  bandwidth  is 
increased;  the  transmission  loss  in  the  first  rejection  band  is  increased 
about  10  dB  for  each  10  dB  increase  in  q. 

Figures  44  and  45  consider  only  the  case  f^  =  0.5  f^,  but  it  is  expected 
that  variations  of  m  and  q  will  have  similar  effects  on  transmission  loss  for 
other  ratios  of  The  undesirable  spikes,  as  shown  in  Fig.  43,  would 

still  be  expected,  however. 
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FIGURE  43 

COMBINATION  FILTER  (EXPANSION  CHAMBER  AND  LUMPED 
PARAMETER  SIDE  BRANCH) 


FIGURE  44 

COMBINATION  FI  LTER  (EXPANSION  CHAMBER  AND  LUMPED 
PARAMETER  SIDE  BRANCH) 
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5.  Combination  of  Expansion  Chamber  and  Closed-End  Tube 

When  a  closed-end,  side-branch  tube  Is  combined  with  an  expansion 
chamber,  repeated  rejection  bands  and  repeated  Infinities  of  transmission  loss 
are  expected.  The  curves  are  drawn  for  a  chamber  m  =  10  and  the  side-branch 
tube  q'  *  1.  The  side-branch  tube  may  be  placed  on  either  end  of  the  chamber, 
and  It  may  communicate  with  the  pipe  or  chamber  as  long  as  It  Is  close  to  the 
Junction  of  pipe  and  chamber. 

As  noted  in  the  previous  figures,  the  maxima  of  transmission  loss  for 
an  expansion  chamber  occur  at  the  frequency  that  makes  the  chamber  length  odd 
multiples  of  \/4,  and  the  closed-end  side-branch  tube  produces  an  infinity 
when  Its  length  is  also  an  odd  multiple  of  \/4.  As  shown  in  Fig.  46,  for 
j^l  =  this  condition  produces  an  infinity  at  each  transmission  loss  maximum. 

When  the  side-branch  length  is  half  the  chamber  length,  the  infinities 
of  the  closed  tube  coincide  with  odd  numbered  zeros  of  the  chamber.  This 
condition  is  shown  as  the  curve  for  t^/ =  0.6.  The  infinity  prevails,  but 
the  rest  of  the  curve  is  little  changed  from  the  chamber  alone.  It  will  be 
shown  later  that  larger  q'  results  in  a  greater  change  in  chamber  chsnracteristlcs. 

When  the  side-branch  tube  length  is  I/3  the  chamber  length,  the  first 
infinity  occurs  in  the  center  of  the  second  rejection  band.  The  succeeding 
infinities  occur  at  odd  multiples  of  this  frequency.  Thus,  they  will  occur  in 
the  center  of  the  second,  fifth,  eighth,  eleventh,  etc. ,  rejection  bands. 

The  value  of  q'  is  varied  for  the  case  of  equal  chamber  and  side-branch 
lengths,  and  the  resulting  transmission  loss  curves  are  presented  in  Fig.  47. 

Some  wide  band  improvement  over  the  chamber  alone  is  noted,  and  the  transmission 
loss  infinity  is  present  even  for  q'  =  1.  However,  the  characteristics  do  not 
improve  rapidly  with  q'.  A  filter  of  this  type  would  be  useful  for  attenuating 
the  f\indamental  and  odd  harmonics  of  a  periodic  noise  source.  This  filter 
would  be  undesirable  for  use  with  a  source  having  strong,  even  harmonics  since 
they  would  pass  through  the  filter  without  attenuation. 
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FIGURE  46 

COMBINATION  FILTER  (EXPANSION  CHAMBER  AND 
LIQUID- filled  side  BRANCH) 
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The  value  of  m  for  the  expansion  chamber  has  a  more  pronounced  effect 
on  transmission  loss  than  does  q'  for  the  side-branch  tube.  This  dependence 
Is  shown  In  Fig.  kQ  for  the  same  length  conditions  as  In  Fig.  kj.  The  loss 
Increases  about  10  dB  for  each  10  dB  Increase  In  m. 

A  combination  expansion  chamber  and  closed-end  tube  filter,  attractive 
because  of  Its  physical  configuration.  Is  shown  In  Fig.  Here  the  side- 

branch  tube  Is  placed  coaxially  about  the  pipe  and  the  branch  tube  Is  Just  an 
extension  of  the  chamber.  This  arrangement  Is  usually  called  a  "re-entrsmt 
tube  expansion  chamber  filter."  The  length  of  the  side-branch  tube  Is  determined 
by  the  protrusion  of  the  pipe  into  the  enlarged  section,  and  the  rest  of  the 
enlarged  section  Is  the  chamber.  When  m  Is  varied,  as  In  this  figure,  the 
value  of  q'  also  varies.  When  the  wave  velocity  in  all  parts  of  the  system  is 
the  same,  the  values  of  m  and  q'  are  related  as  follows: 

q'  =  m  -  1 

The  curves  presented  here  are  calculated  for  this  condition  with  the  tube 
length  equal  to  chamber  length. 

Figure  50  presents  the  condition  for  the  tube  length  equal  to  half 
the  chamber  length.  Here  the  tube-produced  infinity  coincides  with  the  chamber 
zero.  Infinities  occur  at  odd  multiples  of  the  tube  resonant  frequency;  for 
large  ra,  a  fairly  wide  rejection  band  about  these  frequencies  results. 

Two  sections  of  the  re-entrant  tube  filters  Just  discussed  are  cascaded 
in  a  special  way  to  produce  the  double  chamber  re-entrant  tube  filters  shown 
In  Figs.  51,  52,  53 >  suid  5U.  Two  chambers  are  butted  together  and  Joined  by 
a  small  connecting  tube.  The  length  of  the  closed-end,  side-branch  tube  is 
then  half  the  length  of  the  connecting  pipe.  The  acoustical  length  of  the 
connecting  pipe  is  modified  by  end  effects.  From  the  fig\ires,  the  physical 
length  of  the  connecting  pipe,  1^,  is  The  acoustical  length  is  then 
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COMBINATION  Filter  (expansion  chamber  and  liquid 

FILLED  SIDE  BRANCH) 


FI  CURE  49 

SINGLE  CHAMBER  RE-ENTRANT  TUBE  FILTER 


FIGURE  50 

SINGLE  CHAMBER  RE-ENTRANT  TUBE  FILTER 
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FIGURE  51 

DOUBLE  CHAMBER  ORFICE  PLATE  FILTER 


FIGURE  53 

DOUBLE  CHAMBER  RE-ENTRANT  TUBE  FILTER 


FIGURE  54 

DOUBLE  CHAMBER  RE-ENTRANT  TUBE  FILTER 
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vv.ere  S  is  the  connecting  pipe  section  area. 

The  filter  In  Fig.  51  Is  referred  to  as  eui  orifice  plate  type.  Calcula¬ 
tions  for  it  vere  made  for  a  connecting  tube  length  of  .  Any  resonant 

effect  of  a  closed-end,  side-branch  of  length  O.UsTs'was  neglected  since  the 
resonant  frequency  would  be  very  high,  and  it  is  doubtful  that  it  would  be 
observed  in  a  physical  system. 

From  the  transmission  loss  curve  it  is  noted  that  at  low  frequencies,  the 
response  is  very  nearly  that  for  a  single  expansion  chamber  (Fig.  53)  of  length 
^1  ^  ^2'  frequencies,  the  response  approaches  the  response  of  a  two- 

section  filter  with  short  connecting  tube  (Fig.  55).  Here,  and  in  curves  to  follow, 

V 

frequency  is  normalized  to  the  half -wavelength  frequency  ^ ^  chamber. 

The  case  for  a  closed-end  tube  length  of  I/5  the  chamber  length  is  shown 
in  Fig.  52.  A  marked  improvement  over  the  single  chamber  of  Fig.  is  noted. 
Transmission  loss  infinities  are  produced  along  with  vide  rejection  bands  centered 
on  these  frequencies. 

The  double  chamber  re-entrant  tube  filter  of  Fig.  55  has  a  closed-end 
tube  length  of  l/2  the  chamber  length.  This  transmission  loss  characteristic 
is  almost  identical  in  shape  to  the  single  chamber  filter  of  Fig.  50-  In  fact, 
the  curve  for  m  =  100  in  Fig.  50  is  almost  identical  to  that  of  Fig.  55  which 
is  drawn  for  ra  =  10.  This  gives  the  designer  the  choice  of  using  the  single 
section  of  Fig.  50  with  a  chamber  diameter  about  10  times  the  pipe  diameter, 
or  using  the  double  chamber  of  Fig.  55  with  about  three  times  the  pipe  diameter 
but  twice  the  length  of  the  single  chamber. 

The  double  chamber  re-entrant  tube  filter  with  the  closed  tube  length 
equal  to  the  chamber  length  is  shown  in  Fig.  5I*.  The  curves  are  similar  to 
those  of  the  single  section  case  of  Fig.  49,  but  the  rejection  band  transmission 
loss  is  approximately  doubled  here.  The  case  for  m  =  3.I6  is  of  some  interest 
since  it  gives  about  20  dB  noise  reduction  as  well  as  the  repeated  infinities. 
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This  value  of  m  implies  a  chamber  diameter  of  only  I.78  times  the  piping  diameter. 
Although  it  would  be  twice  as  long  as  a  single  section  filter  to  provide  the  same 
general  characteristics,  it  would  be  much  smaller  in  diameter  than  the  single 
chamber . 

6.  Quincke  Tube  Filter 

The  Quincke  tube  is  a  filter  that  can  be  made  from  standard  piping  system 
components.  Only  "tees,"  "els,"  and  straight  lengths  of  pipe  are  required.  As 
shown  in  Fig.  55>  ihe  filter  consists  of  two  parallel  paths  of  unequal  length.  The 
filter  does  not  have  any  broad  band  characteristic  when  the  pipes  of  the  filter  are 
the  same  size  as  the  rest  of  the  system  piping.  It  does  have  transmission  loss 
infinities  which  depend  on  the  stun  and  difference  of  the  pipe  lengths.  It  has  the 
ability  to  produce  an  infinity  at  harmonically  related  frequencies.  Thus,  the 
Quincke  tube  filter  can  be  used  to  suppress  the  fundamental  and  all  the  harmonics 
of  a  periodic  noise  source. 

The  frequencies  of  the  harmonically  related  infinities  are  determined  by 
the  sum  of  the  tube  lengths,  and  they  occur  when  the  sura  of  the  lengths  is  any 
multiple  of  a  wavelength.  If,  however,  the  difference  of  the  pipe  lengths  is  any 
multiple  of  a  wavelength  at  the  same  frequency  as  one  of  the  above  infinities, 
the  infinity  is  nullified  and  a  zero  is  produced  as  in  Fig.  56. 

Independent  Infinities  are  produced  at  frequencies  that  make  the  length 
difference  an  odd  multiple  of  a  half -wavelength.  In  Fig.  55  the  first  infinity 
produced  by  the  length  differences,  f^^,  is  1.5^5  times  the  first  infinity 

produced  by  the  length  sum.  In  Fig.  56,  =  1-5  This  nullifies  the  infi¬ 
nities  at  f/fj^-]^  =  5>  6,  9,  •  •  •  • 

The  Quincke  tube  produces  infinities  by  virtue  of  phase  cancellation  of 
acoustic  waves  traveling  different  path  lengths.  If  the  pipes  for  the  two  paths 
do  not  have  identical  characteristic  admittances,  complete  cancellation  will  not 
occur  and  finite  transmission  loss  maxima  will  occur  instead  of  infinities. 
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FIGURE  55 

QUINCKE  TUBE  FILTER 


FIGURE  56 

QUINCKE  TUBE  FILTER 
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In  order  to  be  able  to  use  the  transmission  loss  curves  Just  presented,  In 
the  design  of  acoustic  filters,  several  acoustical  q\iantltles  must  be  calculated 
from  physical  quantities  of  the  piping  system.  The  acoustical  terms  required 
for  a  particular  filter  must  also  be  reduced  to  physical  elements.  This  section 
vlll  provide  Instruction  and  aids  to  these  several  computations. 

1.  Sotmd  Velocity  In  Pipes 

The  velocity  of  sotind  waves  In  a  liquid  of  Infinite  extent  Is  determined 
by  the  liquid  compressibility,  K,  and  Its  mass  density,  p: 


o 

Liquid  confined  In  a  pipe  will  not  propagate  sound  waves  at  this  same  velocity 
because  of  the  mass  and  compliance  of  the  pipe  walls.  The  pipe  wall  material 
and  thickness,  and  pipe  Inside  diameter  determine  the  mass  euid  compliance. 

The  resulting  sound  wave  velocity  can  be  calculated  for  particular  liquids  In 
particular  pipes.  This  has  been  done  for  several  liquids  In  several  kinds  of 
pipe,  and  the  velocity  has  been  plotted  versus  pipe  diameter.  Families  of 
these  curves  with  wall  thickness  as  a  paurameter  are  presented  In  Appendix 
A  (Figs.  A-5  through  A-I7). 

To  determine  the  sound  wave  velocity  In  the  liquid  In  a  piping  system, 
the  curve  for  the  liquid  and  pipe  material  should  be  located.  Enter  the  cxirves 
at  the  pipe  Inside  diameter  and  read  the  value  of  velocity  In  ft/sec  from  the 
curve  for  the  pipe  wall  thickness.  If  the  actual  wall  thickness  falls  between 
the  values  for  which  curves  are  drawn,  linear  Interpolation  will  give  adequate 
accuracy.  The  procedure  to  follow  Is  given  In  an  example: 

Find  the  sound  wave  velocity  In  sea  water  contained  In  5"  brass  tubing. 
The  nominal  outside  diameter  Is  5"  and  the  nominal  wall  thickness  Is  O.IU8". 
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The  Inside  diameter  Is  then 

l.d.  -  5  -  2  X  0.148  -  2,704  In.  . 

The  curves  (Fig.  A-7)  are  entered  at  l.d.  =  2,7">  hut  the  thickness  lies  between 
l/8"  and  3/l6".  The  velocity  can  be  determined  by  reading  the  values  for 
thicknesses  of  l/8"  and  3/l6"  and  performing  the  following  calculations: 

v(0.l48)  =  v(l/8)  +  [v(5/i6)  -  v(l/8)]  x 

where  a  Is  wall  thickness  In  Inches.  This  becomes 

v(0.l48)  =  4200  +  (4400  -  4200)  X  =  4274  fps  . 

It  has  been  mentioned  previously  that  the  propagation  of  higher  order 
propagation  modes  should  be  prevented.  This  requirement  places  a  limitation 
on  piping  or  chamber  diameter.  The  cutoff  frequencies  below  which  these  modes 
will  not  propagate  are  given  by 

V 

f  =  a  , 
mn  d  mn  ’ 

where  v^  is  the  wave  velocity  in  an  infinite  medium,  d  is  inside  pipe  diameter, 

and  a  is  a  quantity  with  a  different  value  for  each  mode.  Various  values  are 
mn 

given  below: 


Values  of  a 
_ mn 

m/n _ 0  1 _ 2 

0  0  1.22  2.23 

1  0.586  1.697  - 

2  0.972  . 
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The  cutoff  frequency  of  greatest  concern  is  the  lowest  one.  This  will 

be  given  by  the  smallest  value  of  a  ,  0.586;  all  other  values  not  shown  are 

mn 

larger.  The  limits  on  pipe  diameter  can  then  be  written  In  terms  of  the 

smallest  value  of  Q!  and  the  highest  frequency  at  which  noise  reduction  Is 
mn 

required.  The  maximum  Inside  pipe  diameter  Is  then 

d  =  0.586  V  /f  , 
max  o'  max 

where  d  is  In  inches  If  v  is  In  Inches/sec. 
msLX  o  ' 

For  brass  pipe  in  a  sea  water  system  and  an  upper  frequency  of  interest 
equal  to  1  kc ,  the  maximum  pipe  inner  diameter  is  found  as  follows: 

The  value  of  v^  is  found  on  Fig.  A-7  in  Appendix  A  as  5030  fps.  The 
maximum  i.d.  Is  then 


'^max  =  ^-586  X  505O  x  12/1000  =  55-5  in.  . 

2.  Characteristic  Admittance  of  Pipes 

The  ratio  of  volume  velocity  to  sound  pressure  in  a  sound  wave  traveling 
in  the  liquid  in  a  pipe  is  the  characteristic  admittance  of  the  pipe.  This 
quantity,  Y^,  is  necessary  for  many  calculations  in  acoustic  filter  design. 

In  common  pipe  and  liquids  there  is  very  little  absorption  of  acoustic  energy 
at  the  frequencies  of  interest  here.  In  this  case  Y^  is  a  real  number  that 
is  given  by 


Y  =  §_ 

0  pv  lb  sec  ’ 

where  S  is  pipe  inside  cross  section  area,  p  is  the  liquid  density,  and  v  is 
the  wave  velocity  as  found  above.  An  aid  to  finding  pv  is  found  on  the  velocity 
of  so\ind  curves  in  Appendix  A.  A  constant  (12  times  the  liquid  density)  is 
given;  the  velocity  in  ft/sec  is  multiplied  by  this  constant  to  give  pv.  The 
inside  section  area  In  square  inches  is  divided  by  this  number  to  obtain  Y^  in 
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—  .  An  alternative  to  the  calculations  Just  suggested  is  to  use  the 
lb  sec 

nomograph  of  Fig.  57-  With  the  nomograph,  can  be  found  by  entering  the 
graph  vith  the  value  of  pv  that  was  Just  found  and  reading  the  value  of 
where  the  vertical  pv  line  Intersects  the  particular  inside  diameter  line. 
The  procedure  can  be  demonstrated  by  considering  the  5"  brass  tubing  of  the 
previous  section.  The  velocity  was  found  to  be  4274  fps.  This  value  is 
multiplied  by  the  number  1.15  X  10  ^  as  given  in  Fig.  A-7,  Appendix  A.  This 
gives 


pv  -  1.15  X  10"^  X  4274  .  4.92  iLjec  ^ 

in.^ 

Entering  Fig.  57  with  this  value  and  reading  Y^  for  an  inside  diameter  of 
2.7"  gives 


Y  =  1.2 
0 


lb  sec 


This  can  be  compsured  with  the  calculated  value  of  1.195 


in. 


5 


lb  sec 


5.  Side-Branch  Elements 


Two  types  of  side-branch  elements  are  used  in  the  acoustic  filters 
described  here.  One  type  consists  of  one  of  several  kinds  of  lumped-element 
resonators,  and  the  other  is  simply  a  closed-end  tube.  There  are  several 
properties  of  these  elements  based  on  their  physical  characteristics  that  are 
important  to  acoustic  filter  effectiveness.  The  calculation  of  these  quantities 
will  be  presented  here. 

a.  Compliance 

The  lumped  side-branch  element  consists  of  a  compliant  element 
that  communicates  with  the  liquid  in  the  piping  system.  An  element  such  as 
this  may  consist  of  a  sealed  piston  or  membrane  that  is  backed  by  a  spring  as 
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FIGURE  57 

CHARACTERISTIC  ADMITTANCE 
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shovn  in  Fig.  58(a).  The  spring  may  be  the  usual  helical  type  or  any  other 
that  has  a  known  force -deflection  characteristic.  An  entrapped  gas  volume  may 
provide  a  compliance  in  parallel  with  the  spring.  A  bellows  with  sealed  ends 
may  provide  the  compliance  as  well  as  the  liquid  seal.  Because  of  the  mass 
inherent  in  all  these  elements,  they  will  resonate  at  some  frequency.  This 
effect  can  be  advantageously  used  and  it  will  be  discussed  later. 

For  the  simple  spring-piston  arrangement  of  Fig.  58,  the  acoustical 
property,  compliance,  is  simply  related  to  the  mechanical  stiffness  of  the  spring: 


C 


where  S  is  the  piston  area  in  sq  in.  and  k  is  the  spring  stiffness  in  Ib/ln. , 
As  an  aid  to  computation,  a  nomograph  of  this  equation  is  given  in  Fig.  59. 

For  a  known  stiffness  and  piston  diameter,  the  compliance  can  be  read  from  the 
vertical  scale.  The  curves  may  be  entered  with  any  two  of  the  variables  to 
find  the  third.  The  compliance  can  be  found  as  above.  For  a  known  diameter 
and  a  desired  compliance,  the  required  spring  stiffness  may  be  found.  For  a 
given  spring  and  desired  compliance,  the  required  area  may  be  found. 

A  parallel  combination  of  springs  such  as  that  shown  in  Fig.  58(b) 
may  be  used  to  obtain  the  required  stiffness.  A  bellows  that  has  a  small 
stiffness  may  be  used  for  the  liquid  seal  then  backed  by  a  spring  to  obtain 
the  required  stiffness.  In  either  case,  the  stiffness  of  the  combination  is 
as  follows: 


ki  + 


Then  the  compliance  becomes 


C  = 


(k^  +  k^) 
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For  the  bellows  the  effective  ewea  must  be  used.  This  is  somewhat  less  than 
that  calculated  from  the  outside  diameter  of  the  bellows.  Effective  diameter 
or  area  information  Is  usually  supplied  by  the  bellows  manufacturer. 

When  a  spring-piston  or  bellows  Is  sealed  or  pressure  compensated 
on  the  side  away  from  the  liquid,  as  in  Fig.  58(c),  the  gas  volume  presents  a 
stiffness  in  parallel  with  the  spring  or  bellows.  The  compliance  of  such  a 
gas  volume  is 


C 


y_ 

yp 


which  gives  a  stiffness  of  where  y  is  the  ratio  of  specific  heats 

for  the  gas,  p  is  the  gas  pressure,  and  U  is  the  gas  volume.  The  compliance 
of  the  combination  is  then 


C  = 


Pressure  compensation  may  be  desired  or  even  necessary  in  some 
situations.  When  there  is  a  pressure  differential  across  a  compliant  element, 
there  will  be  a  static  deflection  of  the  piston  face.  As  later  discussion 
will  show,  the  static  deflection  will  allow  an  increase  of  liquid  mass  on  the 
piston  which  changes  the  characteristics  of  the  element.  The  displacement 
will  be 


X 


k 


} 


where  is  the  difference  in  the  liquid  pressure  and  the  pressure  back  of 
the  piston  or  bellows.  For  any  combination  of  springs  the  effective  stiffness 
may  be  found  from  Fig.  59  if  the  total  compliance  has  been  determined. 
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Fig.  58(d)  shows  a  compliant  element  consisting  of  an  entrapped 
gas  volume.  The  compliance  of  the  element  Is  then 

c  .y- 

•/P 


where  p  Is  the  system  pre8s\ire. 

When  more  than  one  compliant  element  Is  placed  on  the  pipe  at  the 
same  place  as  In  Fig.  58(e),  the  total  compliance  Is  the  sura  of  each  compliance: 


C 


t 


This  Is  derived  on  the  basis  that  the  two  elements  are  acoustically  in  parallel 
and  their  admittances  add.  Thus,  the  admittance  shunting  the  pipe  at  that 
point  Is 


b.  Inertance 


The  pistons  or  bellows  that  seal  the  compliant  elements  Just  discussed 
have  some  mass.  This  mass  gives  rise  to  am  acoustical  inertance.  Such  an 
element  is  shown  in  Fig.  6o(a).  The  inertance  is  given  by 


L 


iv  2 

lb  sec 


> 


where  S  is  the  piston  area,  and  m  is  its  mass  which  is  also  its  weight  W  divided 

by  the  acceleration  due  to  gravity.  Here  area  is  in  square  Inches,  W  is  in 

pounds,  and  g  is  386.4  —  ^  .  An  aid  to  computation  is  provided  by  the  nomo- 

sec 

graph  of  Fig.  61.  The  curve  may  be  entered  with  any  two  of  the  quantities  (weight, 
piston  diameter,  and  inertance),  and  the  third  can  then  be  found. 
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For  the  physical  arrangement  of  the  side-branch  elements,  the  mass  is 
backed  by  a  spring  that  also  has  mass.  The  total  weight  required  to  compute 
inertance  is  then  the  piston  weight  plus  I/5  the  spring  weight.  This  fraction 
of  the  spring  weight  is  its  effective  vibrating  weight. 


The  two  elements  here,  spring  and  mass,  have  a  common  volume  velocity 
and  divide  the  force  caused  by  the  acoustic  pressure.  Thus,  they  are  in  series, 
6uid  the  acoustic  impedances  add.  The  impedance  is  then 


Z 

s 


lb  sec 


in. ' 


and  the  admittance  shunting  the  pipe  is  then 


Y  =  1  in.^ 

s  ”  ,  -  1  lb  sec 

*  }S 

The  bellows  that  is  provided  with  a  cap  to  seal  it.  as  in  Fig  60(b), 
is  completely  analogous  to  the  spring-piston  of  Fig.  60(a).  The  inertance  is 
calculated  in  the  same  way  by  using  the  effective  area  of  the  bellows  end  the 
weight  of  the  cap  plus  I/3  the  bellows  weight. 

As  shown  in  Fig.  6o(c),  when  the  end  of  the  bellows  or  piston  is  re¬ 
cessed  a  distance  away  from  the  pipe  by  placement  or  by  compression  of  the  spring  by 
liquid  pressure,  a  mass  of  liquid  is  added  to  the  piston  mass.  The  inertance 
of  the  liquid  is 


L 


1 


px  wx 
S  °  Sg 


lb  sec 


in.- 


The  weight  of  the  liquid  per  cubic  inch  is  w,  x  is  in  inches,  S  is  the  piston 

or  bellows  effective  area  in  square  inches,  and  g  is  386.4  -  The 

sec 

inertance  of  the  piston  is  in  series  with  the  inertance  of  the  liquid,  and 
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the  total  value  Is 


W 

S^g 


wx 

Sg 


lb  sec 

in.  5 


The  Inertance  In  the  side-branch  element  may  consist  of  liquid  mass 
only  as  in  Fig.  60(d).  If  the  side-branch  pipe  was  air-  or  gas-filled  at  some 
pressure  p^  (say  atmospheric  pressure)  before  the  addition  of  the  liquid,  then 
after  the  system  is  liquid-filled  to  some  pressure  p  the  distance  x  would  become 


X  =  I 

s 


in.  , 


where  is  in  inches  and  the  pressures  are  psia.  If  the  gas  volume  is 
regulated,  the  value  of  x  may  be  determined  by  the  regulator.  In  cither  case 
the  inertance  is  given  by 


•■V  2 

lb  sec 
in.  5  ■ 

-  x)S  , 

and  the  compliance  can  be  calculated  as  shown  above. 

The  Inertance  produced  by  a  side-branch  element  can  be  greatly  in¬ 
creased  by  the  addition  of  an  inertance  tube  as  in  Fig.  6o(e).  This  tube  inertance 
can  be  expressed 


The  gas  volume  is  then 


wx 

Sg 


U  =  (£ 


L 


lb  sec 


in.  • 
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The  effective  length  is  given  by 

f  =  i  +  0.8-/s7  in.  , 

e  1  ’ 


where  i  is  the  physical  length  and  the  second  term  is  an  end  effect  that  results 
from  the  moving  liquid  beyond  the  ends  of  the  tube.  The  Inertance  presented 
by  the  combination  of  the  tube  and  piston  mass  is  then 


L 


t 


s/g 


+  w 


lb  sec‘‘ 


The  inertance  that  can  be  obtained  by  such  a  tube  is  limited  by  trans¬ 
mission  line  effects.  For  the  preceding  expressions  to  hold,  the  length  of  the 
tube  must  be  very  much  less  than  a  wavelength  at  the  highest  frequency  of  interest. 
A  resistance  effect  also  becomes  important  when  the  tube  diameter  is  very  much 
smaller  than  the  tube  length. 


Inertance  may  be  obtained  from  a  small  hole  in  the  pipe  wall  as 
shown  in  Fig.  60(f).  The  hole  becomes  an  inertance  tube  of  almost  zero  physical 
length.  The  effective  length  is  then  just  the  end  correction  term.  With 
reference  to  Fig.  t'O(f),  the  inertance  of  one  hole  is 

T  e  ,  ,  w  lb  sec 

^1  =  s“  =  ~F^  — r 

1  g  V  jTd  in ,  . 

where  w  is  again  the  specific  weight  of  the  liquid  in  hole 

diameter  in  Inches,  and  g  is  586. U 

sec 

The  two  holes  shown  in  the  figure  are  acoustically  in  parallel,  and 
their  admittances  add.  The  inertances  then  add  as  reciprocals 


l!(l 
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The  effective  diameter  of  the  two  holes  is  then 


Finally  the  total  inertance  presented  by  the  side-branch  is 


L 


t 


1.6v  ^  _W _ 

gsTitd^  Sj^g 


lb  sec 


in.' 


c.  Resonant  Frequency 

The  total  shunt  admittance  of  the  side-branch  element  was 
given  above  as 


Y  = 
s 


When  the  denominator  of  this  expression  is  zero,  becomes  infinite.  It  is 

this  infinity  that  gives  the  transmission  loss  infinities  for  the  filters 

discussed  in  the  previous  section.  If  the  elements  have  suiy  friction  in  the 

pressure  seal  or  elsewhere,  Y  will  not  be  zero,  and  the  transmission  loss 

s 

will  have  a  maximum  but  not  an  infinity.  The  zero  of  the  denominator  occurs 
at  a  frequency  related  to  L  and  C: 

2  1  -2 
%  =LC  """  ’ 


or  this  resonant  frequency  is  given  by 


f 

0 


1 

2n^/LC 


cps 
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When  L  emd  C  are  replaced  by  their  corresponding  values  of  k  and  W,  becomes 


f 

0 


Figure  62  presents  an  aid  to  calculation  for  this  expression.  If  the  values  of 
Inertance  and  compliance  have  been  determined  instead  of  W  and  k,  the  effective 
veight  can  be  determined  from  Fig.  6l,  and  the  effective  stiffness  can  be 
determined  from  Fig.  59- 


The  resonant  frequency  is  seen  to  depend  on  compliance  and  inertance. 
Thus,  f^  will  change  if  static  pressure  variations  cause  changes  in  x  as  in 
Fig.  60(c).  In  high  pressure  systems,  the  resonant  frequency  must  be  determined 
under  operating  conditions.  It  is  possible  to  provide  pressure  regulation  or 
preloading  to  keep  f^  relatively  constant.  Even  the  pressure  regulation  does 
not  maintain  a  completely  constant  f^  since  the  pressurizing  gas  presents  a 
shunt  compliance  that  varies  with  pressure. 


d.  Calculation  of  q 


In  the  discussion  of  transmission  loss  curves  for  filters,  a  parameter 
q  was  used  as  a  measure  of  side-branch  filter  performance.  This  quantity  is 
defined  as  the  ratio  of  the  admittance  of  the  compliant  element  to  the  charac¬ 
teristic  admittance  of  the  pipe  upon  which  the  side-bremch  element  is  placed; 


u)  C 
0 


This  parameter  is  unitless.  The  curves  of  Fig.  65  graphically  relate  and 

to  q.  These  curves  can  be  used  in  several  ways.  In  designing  a  filter  the 

values  of  will  be  determined  by  the  system  piping,  and  the  desired  value  of 

q  may  be  selected  from  the  transmission  loss  curves.  Entering  Fig.  63  with  Y^ 

and  q  gives  the  required  product  <^qC.  If  a  certain  value  of  is  desired,  the 

value  of  C  is  then  fixed.  In  another  possible  case,  the  value  of  o)  ,  C,,and  Y 

0  0 

for  a  particular  side-branch  element  and  system  piping  has  been  determined. 
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The  value  of  q  can  then  be  determined  from  Fig.  63,  and  the  calculated  trana- 
mlsslon  lose  characteristics  may  be  found  In  the  previous  section. 

e.  Gas-Fllled  Side-Branch  Element 

The  side-branch  element  consisting  of  a  gas  volume  to  provide  the 
compliance  and  a  liquid  mass  for  the  Inertance  Is  shovn  In  Fig.  6k.  In  the 
first  case  the  closed-end  slde-bremch  Is  gas-fllled  at  some  pressure  p^  before 
the  liquid  is  added.  Then  the  liquid  is  added  and'brought  up  to  some  pressure, 
p,  greater  than  p^.  The  liquid  then  partially  fills  the  tube  as  the  gas  is 
compressed.  The  liquid  height  is  then 


In  a  second  case,  the  gas  volume  is  regulated  to  keep  x  fixed  and 
independent  of  p.  This  case  will  be  discussed  later. 

In  the  first  case  the  inertance  is  given  by 


L  = 


IV,  2 

lb  sec 


and  the  compliance  is 


C 


TV 


The  resoneuit  frequency  of  the  system  is  then 


To  give  this  resonant  frequency,  the  pipe  length  must  be: 
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The  quantity  y  is  the  ratio  of  specific  heats  for  the  gas;  p  is 

the  mass  density  of  the  liquid  (p  =  -,  w  is  weight  in  lb  per  cubic  in.,  and 

in.  ^ 

g  =  386.4  — p  and  p  are  pressures  in  psia. 

sec*^  ° 

For  a  given  value  of  p^,  a  set  of  curves  can  be  drawn,  as  in  Fig.  64, 
relating  i  and  p  with  a  as  a  parameter.  These  curves  are  drawn  for  p  =  14.7  psia 
and  are  not  valid  for  other  P^'s.  For  a  given  gas,  liquid,  initial  pressure  p^, 
and  desired  resonant  frequency,  the  value  of  a  is  fixed.  For  the  given  system 
pressure  p  and  a,  the  length  of  pipe  is  determined  by  the  curves  of  Fig.  64. 

The  interpolation  aid  may  be  used  to  measure  in  a  direction  parallel  to  the 
/g-axis  for  the  determination  of  values  of  parameter  a  between  and  beyond  the 
curves  given. 

The  value  of  filter  effectiveness  parameter  q  is  now  of 
interest.  This  becomes 


^oPv  -  r) 

From  the  previous  paragraph,  it  can  be  seen  that  the  resonant  frequency  does 
not  depend  on  side-branch  pipe  area,  S,  but  fortunately  q  does.  The  side- 
branch  pipe  length  determines  the  system  resonant  frequency,  and  the  area 
determines  the  q.  Thus,  the  two  quantities  can  be  fixed  independently. 
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Under  operating  conditions,  the  system  pressure  p  may  change,  with 
the  magnitude  of  change  depending  on  the  kind  of  punning  system  Involved.  As 
p  changes  the  gas  volume  changes,  and  there  Is  a  corresponding  change  In  the 
liquid  column  height.  Both  the  compliance  and  Inertance  are  affected,  and  the 
side-branch  resonant  frequency  and  q  are  changed. 

The  change  In  resonant  frequency  is  related  to  the  change  In  system 
pressure  as  follows: 


where  the  resonant  frequency  was  at  the  system  pressure  p^,  smd  the  new 
frequency  is  at  the  new  pressure  p^.  As  before,  p^  was  the  initial  pressure 
of  the  gas  in  the  side-branch.  This  relationship  is  plotted  for  a  few  values 
of  p^  and  p^  =  14.7  psla  in  Fig.  65. 

The  variation  in  q  is  given  by 

^1  ■  V  -  Po^ 

The  q  at  p^  is  q^^  and  that  at  p^  is  This  relationship  is  plotted  for  several 

values  of  p^^  with  p^  =  14.7  psia  in  Fig.  66. 

In  the  second  type  of  gas-filled,  side-branch  element,  a  gas  pressure 
regulator  system  is  used  to  maintain  the  liquid  level,  x,  constant  as  the 
pumping  system  pressure  changes.  Some  type  of  level  sensor  is  required  for 
such  a  control  system.  In  this  case,  the  inertance  will  remain  constant  as 
pressure  changes,  but  compliance  will  change.  The  net  change  in  f^  and  q  is 
then  less  than  that  of  the  previous  case.  This  improvement  is  the  main 
advantage  over  the  case  for  no  regulation. 


FIGURE  65 
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The  regulated  liquid  height  side-branch  element  is  shown  in  Fig.  67. 
In  terms  of  the  symbols  shown  in  the  figure 


and 


f 


P(i3  -  i,) 


lb  sec 


in.  • 


cps  , 


where  i  and  i  are  in  Inches,  S  is  in  square  inches,  p  is  pressure  in  psia, 

^  ^  w  /  lb 

7  is  the  ratio  of  specific  heats  for  the  gas,  and  p  =  -  (w  in  - -  and  g  = 

586. 4  ® 

aec'^ 


From  the  design  standpoint  the  length  of  the  pipe  and  the  point 
at  which  to  maintain  I  by  regulation  to  provide  this  resonant  frequency  are 

SI 

desired.  In  this  case  there  is  no  unique  value  for  t  ,  but  /  and  t  are 

s  s  & 

related  as  follows: 


(i 


s 


-  'a^^a 


_  ypg 

2  • 

wco 

0 


If  a  parameter  b 


=  ypg 

2 

wco 

0 


is  used,  this  relationship  can  be  put  in  the  form 


/  =■  i  +  ^ 

s  a  / 

a 


If  t  and  I  satisfy  this  relationship,  the  resonant  frequency  will  be  f  , 

S  81  0 

0) 

(f^  *  ^).  This  relation  is  plotted  in  Fig.  67,  with  b  a  parameter.  For  a 
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given  system  pressure  p  and  desired  resonant  frequency  the  value  of  b  is 
fixed:  if  i  is  chosen,  the  value  of  t  may  then  be  read  from  the  abscissa. 

S  S' 

It  can  be  noted  that  there  are  two  values  of  I  given  by  the  curves.  Either 

8L 

value  will  give  the  correct  f^,  but  the  value  to  the  right  will  give  the 
larger  q  for  the  filter. 


There  is  a  minimum  value  of  given  by 
i^(min)  =  2>/T  . 

Corresponding  to  this  value  of  i  only  one  value  of  I  exists.  It  is  given  by 

s  & 


The  filter  effectiveness  parameter  q  is  found  to  be  given  by 


q  = 


w 

rpYo 


or 


WO)  bY 
0  o 

As  before,  the  resonant  frequency  is  independent  of  the  area  of 
the  side-branch  pipe,  but  the  value  of  q  depends  directly  on  S.  In  addition, 
q  also  depends  directly  on  /  .  Thus,  the  larger  value  of  i  of  the  two 

Bk  8L 

possible  should  be  chosen  for  a  larger  q. 

For  the  minimum  value  of  i  and  I  ,  the  q  becomes 

B  a 

o  -  §_  /~g~ 

^(mln  /p)  ■  V wTp 
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As  mentioned  earlier,  the  regulated  side-branch  has  less  dependence 
on  system  pressure  variations  than  the  other  type.  The  variation  in  resonant 
frequency  is  given  by 


f 

f 


2 

1 


This  relationship  is  plotted  in  Fig.  65.  It  indicates  that  if  the  side-branch 

was  designed  to  have  a  resonant  frequency,  at  pressure  p^^,  when  the  pressxire 

is  raised  to  p_  with  the  length  t  held  constant,  the  new  resonant  frequency 
£  & 

is  fg. 

The  dependence  of  q  on  system  pressure  is  given  by 


This  relationship  is  shown  in  Fig.  66  along  with  the  curves  for  the  case  with¬ 
out  regulation. 


f .  Liquid-Filled  Side-Branch 

The  liquid-filled  side-branch  can  have  the  configuration  of  a  "tee" 
on  the  pipe  or  a  coaxial  arrangement  as  shown  in  Chapter  III,  B,  Transmission 
Loss  Curves.  In  either  case,  the  element  will  have  repeated  infinities  of 
admittance  at  frequencies  for  which  the  length  of  the  tube  is  any  odd  multiple 
of  \/k.  This  is  shown  from  the  expression  for  admittance  of  a  closed-end  tube: 


Y 


J  Y  tan 
os 


2n/f 

V 


Y  is  the  characteristic  admittance  of  the  side-branch  pipe,  t  is  length  in 
os 

inches,  v  is  wave  velocity  in  in. /sec,  and  f  is  frequency  in  cps.  When  the 
argument  of  the  tangent  function  is  any  odd  multiple  of  Jt/2,  the  value  of  the 
function  is  infinite: 
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=  (2n  +  1)  I  ,  n  =  0,  1,  2,  ...  . 

Then  the  frequencies  for  Infinite  shunt  admittance  and  thus  infinities  of 
transmission  loss  are  given  by 

f^  =  (2n  +  1)  ,  n  =  0,  1,  2,  ...  . 

In  designing  such  a  side-branch  element,  the  length  must  be  determined.  Lengt, . 
is  fixed  by  the  frequency  for  n  =  0  in  the  above  expression. 


I 


in. 


The  velocity  v  in  in. /sec  can  be  determined  from  the  curves  of  Appendix  A,  and 
f^,  in  cps,  is  the  lowest  frequency  of  infinite  transmission  loss. 

The  effectiveness  parameter  for  such  a  filter  is  q'  which  is  defined 
as  the  ratio  of  the  side-branch  tube  characteristic  admittance  to  that  of  the 
pipe  in  the  system: 


These  two  admittances  can  be  determined  from  the  velocity,  density,  and  pipe 
sizes  as  described  in  a  previous  section.  In  the  usual  system  the  liquid  will 
be  the  same  in  both  pipes  and  the  sound  velocities  nearly  identical.  Then 
q'  becomes 


where  S  is  the  side-branch  tube  inside  section  area  and  S  is  the  system 
s  0 

piping  section  area.  Thus, 
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where  the  d's  are  pipe  inside  diameters. 

Precautions  should  be  taken  to  prevent  gas  from  collecting  in 
these  side-branch  elements.  If  gas  is  present,  the  previous  case  with  a  gas- 
filled,  side-branch  element  applies.  The  length  equation  and  the  transmission 
loss  curves  for  the  liquid-filled,  side-branch  tube  no  longer  apply. 

Care  should  be  taken  to  close  the  side-branch  tube  with  a  very 
stiff  cap.  If  the  admittance  at  the  closed  end  is  not  approximately  zero, 
the  above  expressions  do  not  apply.  The  closed  end  should  not  be  attached  to 
a  structure  that  could  conduct  or  radiate  sound  since  that  end  can  have  large 
acoustic  pressures  acting  on  it  at  the  resonant  frequencies. 

4.  Expansion  Chamber 

The  expansion  chamber  filter  has  a  transmission  loss  characteristic 
that  repeats  for  each  frequency  interval  between  successive  values  for  which 
the  chamber  length  is  a  multiple  of  \/2.  The  maximum  noise  reduction  occurs 
at  odd  multiples  of  \/4.  These  maxima  occur  at 

f^  =  (2n-  +  1)  ,  n  =  0,  1,  2,  ...  , 

where  v  is  the  sound  wave  velocity  in  the  chamber  in  in. /sec  and  t  is  the 

chamber  length  in  inches,  as  shown  in  Fig.  68(a). 

In  designing  a  chamber,  the  length  is  determined  by  the  lowest  frequency 
for  maximum  transmission  loss,  f  . 

0 

where  f  is  in  cps. 

0 
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EXPANSION  CHAMBER 


(bi)  OUTLET  PLACED  FOR 
MODE  SUPPRESSION 


The  effectiveness  parameter,  m.  Is  defined  as 
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m 


where  is  the  characteristic  admitteuice  of  the  pipe  comprising  the  chamber 
and  is  that  of  the  system  piping.  These  admittances  and  velocities  can  be 
determined  as  outlined  previously. 

To  obtain  a  desired  value  of  m,  the  chamber  must  have 


Or,  in  terms  of  chamber  inside  diameter,  d, 


Here  w  is  liquid  weight  in 
in. 


in. 


in. 


sec 


chamber  in  -  ,  and  Y  is  characteristic  admittance 

sec  0 

in.  5 


V  is  wave  velocity  in  the 
of  the  system  piping  in 


lb  sec 


Higher  order  propagation  modes  present  a  limitation  to  expansion 
chamber  size.  The  cut-off  frequencies  for  these  modes  are  given  by 

V 

f  =  a 
mn  d  mn 

The  maximum  diameter,  d,  is  then 

V 

d  =  7-2-  a 
max  f  mn 
max 
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Values  of  a  were  given  on  page  125.  The  smallest  a  corresponds  to  m  =  1, 
mn  mn 

n  s  0.  This  gives  a  maxlmxnn  diameter  of 


d  =  0.586  — 

meix  f 


max 


This  value  can  be  considerably  Increased  If  the  chamber  Is  designed  as  shown 
In  Fig.  68(b).  If  the  Inlet  to  the  chamber  is  exactly  on  the  center  line, 
the  asymmetric  modes  (n  =  O)  will  not  be  excited.  Then,  if  the  outlet  pipe 
Is  placed  at  a  pressure  zero  for  any  one  of  the  euclally  symmetric  modes  (m  =  O), 
that  mode  will  not  pass  through  the  chamber.  If  the  outlet  is  placed  as 
shown  in  Fig.  68(b)  at  an  offset  from  the  center  line, 

r  =  O.JlUd  , 


the  0,1  mode  is  eliminated.  Thus,  this  design  eliminates  the  m,0 
modes  which  leaves  =  1.697  as  the  smallest  value  of  a^.  The 


diameter  is  now 


and  0,1 
maximum 


d  =  1.697  T 

max  f 


max 


In  practice,  these  modes  cannot  be  entirely  eliminated  because  of  the 
finite  inlet  and  outlet  size,  but  a  considerable  reduction  in  transmission  can 
be  acheived. 


5.  Re-entrant  Tube 


The  filter  consisting  of  an  expansion  chamber  euid  a  closed-end  tube, 
as  shown  in  Fig.  68(c),  is  commonly  called  a  "re-entrant  tube  expansion  chamber 
filter."  This  filter  can  be  simply  made  by  extending  the  inlet  or  outlet 
pipe  into  the  chamber.  The  chamber  effectiveness  parameter,  m,  was  given  in 
the  previous  section  and  its  length  is  as  shown  in  the  figure.  The  closed- 
end  tube  produces  transmission  loss  infinities  and  has  an  effectiveness  param¬ 
eter  previously  defined  as  q'  =  . 
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The  closed-end  tube  of  length  i  is  now  a  hollow  cylinder  with  an  area 

6 

S  -  3  -  S  .  where  S  is  the  chamber  section  area  and  S  is  the  pipe  outside 

s  c  0  c  0 

cross  section  area.  The  characteristic  admittance  is  then 


Y 


os 


pv 


s 


where  p  is  the  liquid  mass  density  and  v  is  the  wave  velocity  in  the  closed- 

8 

end  tube.  For  the  case  in  which  the  wave  velocities  in  the  chamber,  tube,  and 
pipe  are  equal  (usually  very  nearly  true), 

Y  =  Y  (m  -  1)  . 

os  o'  ' 


Then  q'  becomes 


I 

i 

I 

I 

I 

i 

( 

f 


q'  =  m  -  1  . 


The  frequencies  for  infinite  transmission  loss  occur  for  equal  to 
an  odd  number  of  quarter -wavelengths.  This  gives 


f 

ns 


(2n  +  1)  v^ 

1*7 

s 


n  =  0,  1,  2  ... 


The  length  required  for  such  a  tube  is  given  for  the  lowest  frequency  of  infinite 
transmission  loss  (n  =  O).  Thus, 

's  =  Hf^  ' 

os 


for  V 

s 


in 


in. 

sec 
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The  expansion  chamber  length  is  related  to  the  frequency  of  the  first 
transmission  loss  maximum: 


t 


c 


V 

c 


oc 


The  same  precautions  as  for  the  expansion  chamber  should  be 
observed  here. 


A  two-section,  re-entrant  chamber  filter  is  shown  in  Fig.  68(d).  Only 
the  case  of  identical  sections  (mirror  symmetry  about  the  center)  has  been 
considered  here.  The  parameters  m  and  q'  are  calculated  as  before,  and  the 
filter  characteristics  depend  on  the  closed  tube  length  and  the  chamber 
length  For  calculating  the  transmission  loss,  the  acoustical  length  of  the 

connecting  tube  must  be  used.  This  gives  connecting  tube  length 


I 


a 


t  +  o.dsJT 

p  p 


t 


p 


1  +  0.71 


> 


where  S  is  tube  section  area  and  d  is  tube  inside  diameter. 

P  P 

The  end  correction  of  the  connecting  tube  has  little  effect  on  chamber 
and  closed-end  pipe  characteristics;  it  affects  the  connecting  tube  length 
only  when  the  length  is  comparable  in  size  to  the  tube  diameter. 


6.  Quincke  Tube 

The  arrangement  of  two  parallel  acoustic  paths  shown  in  Fig.  68(e) 
produces  transmission  loss  infinities  at  frequencies  related  to  the  path  lengths. 
For  true  infinities  to  occur,  the  characteristic  admittances  of  the  pipes  in 
the  two  paths  must  be  identical;  The  most  practical  arrangement 

would  use  the  same  piping  as  that  of  the  rest  of  the  system.  Then  Yq^^  =  Yq2  =  Y^. 
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Repeated  infinities  are  given  for  the  condition  that  the  sum  of  the 
pipe  lengths,  +  fg),  is  an  Integral  number  of  vavelengths.  This  gives  a 
series  of  infinities  at 


nv 


In 


i,  .  I2 


cps 


1,  2,  3,  ... 


Another  series 
difference  in  lengths, 


of  infinities  occurs  at  frequencies  that  make  the 
(ij^  -  1 2)1  an  odd  multiple  of  a  half -wavelength: 


f 


2m 


2(f^  -  ig) 


™  2,  3,  ...  ,  >  l^) 


The  infinities  of  f^^^  can  be  nullified  if  the  difference  in  length  is 
any  multiple  of  a  wavelength  at  any  of  the  frequencies  f^^^.  If  fj^  is  defined 
as 


kv 


■  <r-  '2 


k  »  1,  2,  . . .  , 


then  infinities  of  transmission  loss  will  occur  at  f,  ,  unless 

In 


f  =  f 
In  k 


for  any  n  or  k.  This  relation  leads  to  the  condition  on  and  which  will 

result  in  the  coincidence  of  f,  and  f,  . 

In  k 


•  f  n  -  h 

^2  "  ^1  n  +  k 


n  =  1,  2,  3, 


k  =  1,  2,  3,  ... 


(n  >  k) 


To  avoid  nullification  of  the  infinities  at  f,  ,  and  should  not  be  related 

in  1  d 

as  above.  For  all  allowed  values  of  n  and  k,  n  -  k  and  n  +  k  will  be  integers. 
Thus,  fg  should  not  be  related  to  by  a  rational  number  but  by  some  fraction 
of  an  irrational  number  such  as  sT^,  n,  or  e. 
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This  section  includes  the  design  of  acoustic  filters  for  several  hypothetical 
noise  reduction  problems.  The  examples  chosen  are  not  necessarily  typical. 

They  were  chosen  to  Include  a  wide  range  of  system  characteristics  and  to 
involve  the  calculations  of  most  of  the  possible  filter  parajneters.  Only  the 
engineering  considerations  that  effect  the  acoustical  characteristics  are 
considered.  Important  problems  such  as  choice  of  materials,  strength  of 
materials,  and  types  of  pressure  seals  are  not  discussed.  It  should  be  noted, 
however,  that  any  engineering  decisions  that  involve  the  weight,  stiffness,  or 
friction  of  the  filter  elements  also  involve  the  acoustical  characteristics 
of  the  filter. 

The  first  phase  of  filter  design  is  a  consideration  of  the  noise  source 
and  piping  system  characteristics.  The  frequency  spectrum  of  the  noise  will 
give  an  indication  of  the  frequency  region  where  noise  reduction  is  needed. 

This  information  will  lead  to  a  choice  of  the  type  of  transmission  loss  charac¬ 
teristic  required  of  an  acoustic  filter.  The  size  of  the  system  piping  and 
the  system  pressure  will  affect  the  choice  of  type  of  filter. 

Some  general  considerations  of  the  types  of  filters  presented  earlier  may 
be  of  some  help  to  the  designer  and  will  be  presented  before  the  examples  are 
given: 

(a)  Lumped -element  side-branch  filters — this  type  of  filter  provides  an 

infinite  transmission  loss  at  one  or  more  selected  frequencies,  and  the 

broad  band  noise  reduction  characteristics  are  good.  Good  low  frequency 

characteristics  can  be  attained  with  rather  small  physical  size. 

( 

The  characteristics  of  these  filters  change  with  system  pressure, 
and  large  pressures  require  added  complications.  Pressure  compensation 
and  liquid  level  regulation  allow  improved  operation  at  high  pressures, 
but  at  high  pressures  it  is  difficult  to  provide  any  appreciable  compliance. 
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Lumped-element,  side-branch  filters  vlth  moving  parts  might  require 
more  maintenance  than  filters  of  other  types,  since  seal  aging,  mechanical 
spring  fatigue,  and  pressure  regulator  adjustment  could  be  important 
considerations. 

(b)  Closed-end  side-bremch  tube--thls  type  of  filter  provides  repeated 
infinities  of  transmission  loss  that  can  be  placed  at  a  desired  frequency 
and  its  odd  harmonics.  The  length  of  the  tube  is  large  for  low  frequency 
infinities,  and  the  section  area  required  to  provide  broad  band  characteris¬ 
tics  becomes  large. 

The  liquid-filled  tube  is  simple  to  construct  and  can  be  designed  for 
service  at  high  pressures.  The  acoustical  characteristics  do  not  change 
with  pressure.  The  tube  volume  required  may  be  large,  but  the  tube  can 
be  run  in  any  convenient  direction. 

(c)  Expansion  chamber  filters— the  expansion  chamber  filter  does  not 
provide  transmission  loss  Infinities,  but  it  has  the  best  broad  band 
noise  reduction  characteristics  of  any  filter  considered  here.  It  has 
the  further  advantage  of  being  simple  to  construct  and  usable  at  high 
pressures.  The  acoustical  characteristics  do  not  change  with  pressiure. 

Expansion  chamber  filters  must  be  long  and  large  to  produce  large 
transmission  losses  at  low  frequencies.  For  large  chamber  diameters,  the 
filter  effectiveness  may  be  nullified  by  higher  order  modes  of  sound 
propagation  through  the  chamber. 

(d)  Combination  filters — the  combination  of  an  expansion  chamber  and  a 
lumped  side-branch  element  will  incur  the  disadvantages  of  both  types,  but 
a  transmission  loss  Infinity  is  provided  and  the  broad  band  chsuracteristics 
may  even  be  improved  over  those  of  only  a  chamber. 

A  11 quid -filled,  side-branch  tube  combined  with  an  expansion  chamber 
provides  repeated  infinities  and  good  broad  band  characteristics.  This 


! 


li 

l 

l 

I 

I 

1 

I 

II 


September  1962 
ELH:vh 

combination  is  suitable  for  high  pressure  applications,  4nd  in  the  form  of  a 
re-entrant  chamber  the  construction  is  simple. 

(e)  Quincke  tube — the  use  of  two  parallel  acoustic  paths  provides  a  filter 
characteristic  with  infinities  of  transmission  loss  at  harmonically  related 
frequencies.  The  Quincke  tube  is  ineffective,  however,  for  the  reduction 
of  broad  band  noise.  The  design  and  construction  of  such  a  filter  is 
simple,  the  space  requirements  are  not  severe,  and  high  pressure  operation 
is  feasible. 

1.  Fresh  Water  System,  6  in.  Piping 

(Single-Section,  Lumped -Element,  Side-Branch  Filter;  Pressure  Compensa¬ 
tion;  Two  Parallel  Elements) 

It  is  desired  to  provide  a  simple  filter  for  a  piping  system  that 
carries  fresh  water  in  6",  schedule  40,  steel  pipe  at  a  pressure  of  50  psig. 

The  pump  produces  a  strong  50  cps  component  in  its  noise  spectrum.  An  inspection 
of  the  transmission  loss  curves  for  various  filters  reveals  that  a  single-section, 
lumped-element,  side-branch  filter  with  q  =  100  would  give  an  infinite  trans¬ 
mission  loss  at  50  cps  if  the  resonator  were  tuned  there.  In  addition,  at 
least  20  dB  of  transmission  loss  is  predicted  from  =0.2  (6cps  here)  to 

f/f^  =  5  (150  cps  here).  An  actual  installation  with  nonideal  terminations 
would  probably  not  be  as  good  as  predicted,  but  appreciable  noise  reduction 
should  be  expected  over  this  band.  The  calculation  of  the  physical  quantities 
required  for  such  a  filter  will  follow. 

a.  Characteristic  Admittance  of  the  Piping 

For  schedule  hO  6"  steel  pipe: 
o.d.  =  6.625" 

Wall  thickness  =  0. 280" 

l.d.  =  6.625  -  (2  X  0.280)  =  6.065" 

Entering  the  velocity  curve  of  Fig.  A-5  in  Appendix  A  for  i.d.  = 

6"  and  wall  thickness  =  l/4",  the  sound  velocity  is  found  to  be 
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V  »  4380  fps  . 

From  the  same  figure,  the  density  of  water  which  may  be  needed  for  Inertance 
calculation  is 


»■  9.55x10-5  11^  , 

in. 


or  w  =  pg  =  0.0356 


lb 


in 


5  ■ 


The  value  of  pv,  required  for  the  calculation  of  Y  ,  is  given  as 
1.12  X  10  times  the  sound  velocity  just  found. 


pv  =  1.12  X  10'^  X  4380  =  4.9  , 

in.^ 


Entering  Fig.  57  vith  this  value  and  a  pipe  i.d.  of  6  in.  gives 


Y  =6.0  — — 

0  lb  sec 


b.  Spring  Stiffness 


For  q  =  100,  the  product  co^C  is  foxuid  from  Fig.  63  to  be  6OO. 


Then  the  compliance  required  is 


C 


600 

2>t  X  50 


3.18 


A  piston  diameter  of  5  in.  is  assumed,  and  the  required  stiffness  for  a  spring 
to  back  the  piston  is  found  from  Fig.  59: 


k  =  120 


lb 

in. 
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Before  continuing,  the  static  deflection  of  the  spring  is  calculated. 


X 


F  ^0  X  n(5)^ 

k  "  k  ■  4  X  1^ 


8.2 


in.  , 


where  p  is  the  system  pressure  of  50  psig.  Such  a  large  static  displacement 
suggests  that  pressure  compensation  be  employed  to  reduce  it  or  that  an  alternate 
design  be  used. 

Pressure  compensation  will  require  a  different  spring,  since  the 
pressurized  gas  also  presents  a  compliance.  The  compliance  due  to  the  spring 
and  gas  volume  are  acoustically  in  parallel;  hence,  their  complicance  add  as 
reciprocals : 


1  k  rp 
S 


The  required  stiffness  is  then 


By  finding  the  compliance  required  of  the  spring, 


k  1  ZE  ’ 
c  ■  U 

Fig.  59  niay  be  entered  to  obtain  k.  Assuming  that  pressurized  air  in  a  cylin- 

O 

drical  volume  of  6  in.  i.d.  by  10  in.  long  is  used,  S  /k  becomes 

C  -  _ 1 

ef  JT  ■  1  1.4  X  50 

n(6/2)^  X  10 


IWM# 
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Entering  Fig.  59  for  a  5  In.  piston  diameter  and  a  compliance  of  15  In.^/lb 
determines  a  point  which  is  off  the  graph.  Thus,  k  will  have  to  be  calculated. 


A  smaller  air  volume  would  produce  a  smaller  compliance  and  require  a  spring  with 
even  smaller  k.  A  larger  volume  would  thus  require  a  larger  value  for  k. 


To  reduce  the  static  deflection  without  pressure  compensation,  the 
spring  constant,  k,  must  be  increased,  but  the  compliance  must  remain  lanchanged. 

O 

Since  the  uef lection  is  x  =  pS/k  and  k  =  S  /C, 


Thus,  for  a  given  pressure  p  and  compliance  C  the  deflection  x  can  be  reduced 
by  using  a  laurger  piston  area  S. 

Another  approach  to  this  problem  involves  multiple  side-branch 
elements  at  the  same  place  on  the  pipe.  Since  these  elements  are  in  parallel, 
their  compliances  are  additive,  and  the  compliance  for  each  element  is  less 
than  the  total  compliance  required. 

Both  these  methods  will  be  applied  to  the  problem  at  hand.  Two 
Identical  elements  will  be  used,  and  the  piston  diameter  will  be  increased  to 
6  in.  The  required  compliance  for  each  element  is  then 

c  -  £  -  LJL8  .  1  .0  IilI 
b  2  2  lb  ■ 


For  this  value  of  compliance  and  a  piston  diameter  of  6  in. ,  Fig.  59  gives 


k  =  510 


lb 

in. 
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The  static  deflection  la  then 


X 


k 


50  X  }t(6)^ 

X  510 


2.77 


in. 


This  Is  a  more  reasonable  figure.  When  the  spring  is  compressed  \xnder  the 
pressure  p,  there  vlll  be  a  mass  of  liquid  above  the  piston  as  in  Fig.  60(o) 
which  may  be  used  to  tune  the  compliance  to  the  resonant  frequency  of  5O  cps. 

c.  Piston  Weight 

The  piston  weight  required  to  tune  the  compliance  is  found  from 
Fig.  62.  For  k  =  510  Ib/in.  and  f^  =  50  cps, 

W  =  5.6  lb  . 

This  weight  is  divided  between  the  piston  that  seals  the  unit,  I/3  of  the 
mechanical  spring,  and  the  liquid  between  the  piston  face  and  the  side  of  the 
pipe. 


Considering  the  spring  first,  one  possible  spring  made  of  stainless 
steel  has  a  5  in.  outside  diameter,  0.48  in.  wire  diameter,  10  turns,  and  weight 
of  4.02  lb.  It  must  be  at  least  8  in. . long  to  accommodate  the  2.77  id>  static 
deflection.  A  third  of  the  spring  weight  is  I.54  lb,  which  leaves  5-6  -  I.54  = 
4.26  lb  for  the  piston  and  liquid. 

If  a  5/8  in.  thick  by  6  in.  diameter  stainless  steel  piston  is 
used,  the  piston  weight  will  be 


where  0.280  is  the  weight  per  cubic  inch  for  stainless  steel.  This  leaves  only 
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for  the  liquid  above  the  piston. 

The  height  of  the  water  column  is  then 

®  "S  (0.0356)(«)(6)^ 

Since  the  static  deflection  under  a  pressure  of  50  psig  was  2.77",  the  spring 
can  be  compressed  a  distance  of 

2.77  -  1.29  =  1.^*8  in. 


at  a  system  pressure  of  zero.  The  spring  will  then  be  clamped  euid  the  element 
Ineffective  until  the  system  pressure  gets  up  to 


p  =  50 


psig  . 


At  this  pressure  the  resonant  frequency  will  be  higher  than  JO  cps  because  the 
water  mass  is  zero.  At  50  psig,  then,  the  resonant  frequency  will  be  correct. 
With  no  water  mass  the  resonant  frequency  is 


cps 


since  the  total  mass  is  then  li.J  lb.  When  the  static  press\are  goes  up  to 
75  psi,  the  deflection  is  increased  to  2.67  in.,  which  gives  a  total  weight  of 
8.28  lb.  The  resonant  frequency  is  then 


f 

o 


1  /510  X  586.4 

— or — 


24.5 


cps 


The  physical  arrsmgement  of  this  filter  and  the  predicted  transmission 
loss  for  three  system  pressures  are  shown  in  Fig.  69.  The  element  should  be 
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placed  an  appreciable  distance  from  the  noise  source.  The  distance  should  be 
some  reasonable  fraction  of  a  wavelength  at  JO  cps  to  prevent  large  acoustic 
pressures  in  the  input  section.  Here  a  length  of  6-10  ft  should  suffice. 

There  are  many  possible  arrangements  that  may  be  much  better  than  the  simple 
filter  used  here.  The  use  of  bellows  instead  of  spring-piston  combinations 
would  greatly  simplify  the  seal  problem.  A  compromise  to  a  lower  value  of  q 
may  greatly  simplify  the  design  requirements. 

2.  Low  Pressure  Lubricating  Oil  System 

(Single-Section  Filter;  Lumped,  Side-Branch  Element;  Gas-Filled,  Side- 
Branch  Element;  Regulated,  Gas-F511ed,  Side-Branch  Element;  and 
Expansion  Chamber) 

A  simple  filter  is  desired  for  a  low  pressure  lubricating  oil  system 
with  the  following  characteristics; 

Pipe:  1  in.  l.d. ,  I/8  in.  wall  thickness 

Material:  brass 

System  pressxire:  100  psia 

Pump  Noise  Characteristics:  Strong  component  at  pump  blade  frequency 
of  2U0  cps.  Appreciable  energy  at  rotational  frequency  of  JO  cps 
and  at  second,  third,  and  fourth  harmonics  of  the  blade  frequency  (480, 
720,  960  cps).  A  broad  band  noise  with  a  spectrum  extending  from 
JO  cps  to  above  1  kc  with  a  broad  peak  at  JOO  cps  is  present. 

Several  types  of  simple,  single-section  filters  will  be  designed,  and 
their  transmission  loss  curves  will  be  compared.  The  sound  wave  velocities  in 
the  liquid  and  the  characteristic  admittance  for  the  pipe  will  be  required. 

From  Fig.  A-11  in  Appendix  A,  the  value  of  sound  wave  velocity  and 
several  other  quantities  are  found: 

V  =  4JJ0  fps 

v^  =  4600  fps 
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p  =  8.23  X  10’5 

in. 


pv  =  9.88  X  10"**  X  4330  =  4.28 


lb  sec 

- T" 

in.^ 


The  characteristic  admittance  is  found  from  Fig.  57  to  be 


Y  =  1.8  X  10 
0 


-1  in.- 


Ib  sec 


a.  Lumped -Element,  Side-Branch  Filter 

Resonate  the  element  at  240  cps  to  give  large  transmission  loss  at 
the  pump  blade  frequency,  and  design  for  q  =  100  for  broad  band  noise  reduction. 
Use  capped  bellows  for  the  compliant  element. 


For  Y  =0.18  — 

0  lb  sec 


and  q  =«  100,  enter  Fig.  65  to  obtain 


0)  C  =  18  -^2^ — 

0  lb  sec 


Then  for  =  2n  X  240,  find  the  required  compliance  C: 


^  2rt  X  240  "  ^'^9  X  10 


The  effective  diameter  for  a  bellows  is  given  approximately  by  the 
average  of  the  outside  and  inside  diameter  of  the  bellows  convolutions.  For 
an  effective  diameter  of  1  in..  Fig.  59  gives  a  required  stiffness  of 
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The  deflection  of  such  a  bellows  under  the  static  system  pressure  of  100  psla 
will  be 


X  .  -  (100  -  14.7)  • 

This  Is  an  unreasonable  figure,  ajod  a  redesign  Is  Indicated.  Larger  bellows 
area,  multiple  elements,  pressure  compensation,  or  smaller  q  are  suggested. 

This  type  element  will  not  be  considered  further  except  that  the  weight  to 
resonate  the  bellows  will  be  calculated  as  an  example. 

For  a  stiffness  of  52  Ib/in. ,  Fig.  62  Indicates  a  weight  of  a  little 
less  than  0.01  lb  to  resonate  the  bellows  at  240  cps.  Since  this  must  Include 
1/3  the  bellows  weight  and  the  cap  weight,  0.01  lb  is  much  too  small.  A  much 
stlffer  bellows  Is  thus  Indicated  for  this  element. 

b.  Air -Filled,  Side-Branch  Element  (Not  Regulated) 

An  unregulated,  air-filled,  side-branch  element  consists  of  a 
vertical  length  of  pipe  that  communicates  freely  with  the  main  system  piping. 

It  will  be  simply  free  to  the  air  (air-filled)  before  the  oil  Is  pumped  into 
the  system.  System  pressure  will  then  compress  the  air,  allowing  oil  to 
partially  fill  the  pipe.  For  filter  design  it  is  then  necessary  to  find  the 
pipe  length  to  resonate  the  element  at  240  cps  and  the  pipe  diameter  to  give 
the  required  q.  Figure  64  gives  the  methods  for  determining  both  these 
quantities. 


The  parameter  a  is  required  first. 


1.4 


«.25  X  10"^  X  14.7  X  (2n  X  240)^ 


5.03  X  10 


It  S6C 

Here  7  =  1.4  for  air,  p  for  oil  was  given  above  as  8.  23  X  10  - r —  , 


and 


in. 
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is  atmospheric  pressure  of  l^i.7  psia.  At  p  =  100  psia  and  this  value  for 
a,  Fig.  64  gives  the  side-branch  pipe  length  as 

^  =  2.5  in.  . 

From  the  expression  for  <1  the  side-branch  pipe  inside  diameter  may¬ 
be  found.  Since 


q  = 


Y  oj  pf 
0  0  s 


d 

s 


rmr^ 


pTq- 


S  ■  Y  03  pi  q  ,  and 
s  0  0  s 


Then  d  in  this  case  is 
s 


The  physical  arrangement  smd  the  transmission  loss  for  this  filter 
are  shovn  in  Fig.  70.  The  curve  shown  is  valid  for  any  lumped-element,  side- 
branch  resonator  element,  such  as  the  one  Just  described  or  the  bellows  discussed 
earlier  with  q  *  100  and  f^  =  240  cps. 

c.  Regulated,  Air -Filled,  Side-Branch  Element 

Since  the  resonant  frequency  for  the  air-filled,  side-branch  element 
without  regulation  varies  almost  directly  with  system  pressure  (as  shown  in 
Fig.  65  for  p  =  100  psia),  the  regulated  case  is  considered.  When  the  liquid 
level  is  maintained  constant,  only  the  compliance  of  the  air  volume  varies,  and 
the  resonant  frequency  varies  as  the  square  root  of  the  pressure  change. 

The  lengths  of  the  side-branch  pipe  and  gas  column  and  diameter  of 
the  pipe  may  be  determined  by  referring  to  Fig.  67.  The  parameter  b  for  this  case 
is  then 
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b 


yp  ^  _ 1.4  X  100 _ 

8.23  X  10"5  X  4k^  (240)^ 


0.75  . 


If  the  mlnlm\m  length  side-branch  pipe  is  used,  the  length  becomes 

i  =  2srh  =  2  n/ 0.75  =  1,124  in.  . 
s 

The  length  of  the  air  column  is  then 


/a  “  2^  =  0-562  in. 


Since  q  is  given  by 


q  = 


03  St 
0  a 

7PY„ 


7PY^q 

“o'a 


Then  the  side-branch  pipe  diameter  is  given  by 


d 

s 


In  this  case 


d 


s 


/l.4"x  IM  X  6.1B'x  1(M 
V  n  X  2jt  X  240  X  0. 562 


1.945 


in. 


A  side-branch  pipe  that  is  almost  2  in. 
with  the  liquid  level  held  at  O.562  in. 


in  diameter  and  about  I-I/8  in.  high 
is  indicated. 
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One  might  desire  to  make  the  side-branch  tube  of  the  same  pipe  as 

the  rest  of  the  system.  For  q  and  b  fixed,  i  and  S  sure  Inversely  related. 

If  the  pipe  diameter  is  reduced  to  1  in. ,  then  the  new  i  is 

a 

The  new  pipe  length  is  then  given  by 


2.12 


in. 


i 

s 


f  +  ^  =  2.12  + 


0J2 

2.12 


2.475 


in. 


For  this  side-branch  pipe, .the  i.d.  is  1  in.,  the  length  inside  is  2.75  in., 
and  the  air  column  length  is  2.12  in.  The  liquid  level  is  then  regulated  at 
a  height  of  0.555  in.  from  the  edge  of  the  system  piping. 

The  transmission  loss  curve  for  this  filter  is  the  same  as  for  the 
previous  case  without  regulation,  but  the  variation  of  f^  with  system  pressure 
is  reduced.  An  infinity  is  provided  at  the  pump  blade  frequency  fundamental 
and  at  least  I5  dB  transmission  loss  is  predicted  from  50  cps  to  above  1  kc, 
to  reduce  the  broad  band  noise. 

d.  Liquid-Filled,  Side-Branch  Pipe 

Transmission  loss  infinities  can  be  provided  at  the  pump  blade 
frequency  fundamental  and  its  odd  harmonics  with  a  liquid-filled,  side-branch 
pipe. 

The  required  pipe  length  has  been  given  previously  as 

0 

where  f^  is  the  lowest  frequency  at  which  an  infinity  is  desired,  and  v  is 
velocity  in  in. /sec.  The  length  cannot  be  calculated  until  the  sound  wave 
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velocity  in  the  oil  la  knovn  for  the  pipe  to  be  used  for  the  side-branch  tube. 
Inspection  of  Fig.  5O  reveals  that  q'  must  be  large  to  obtain  any  appreciable 
bandwidth  in  the  transmission  loss  rejection  bands.  If  a  value  of  q'  =  10  is 
chosen,  the  characteristic  admittance  for  the  pipe  becomes 


Y  =  q’  Y  =  10  X  0.18  =  1.8 
os  0 


in. 


lb  sec 


If  the  velocity  in  the  side-branch  pipe  is  the  same  as  that  in  the  system  piping, 

g 

the  admittance  ratio  q'  is  also  the  area  ratio,  since  Y  =  —  .  This  will  be 

^  ’  0  pv 

approximately  true,  so  a  pipe  size  of 


d  =  d  sflO  =  1  X  5.16  =  3  in. 
so 


will  be  used.  For  a  wall  thickness  of  3/16  in..  Fig.  A-11  gives  v  =  4150 

5 

and  pv  =4.1  .  q-hen,  from  Fig.  57,  Y  =1.7  —  and 

5  ®  os  lb  sec 


ft 

sec 


The  required  length  of  the  closed-end  pipe  is  then 

t  =  ^  =  4150  X  X  240  =  51.8  in.  . 

^0 

The  transmission  loss  curve  for  q'  =  10  is  shown  in  Fig.  70-  The  fundamental 
and  odd  harmonics  are  eliminated,  but  the  even  harmonics  are  not  attenuated  at 
all,  and  there  is  very  little  attenuation  at  50  cps. 

e.  Expansion  Chamber 


Broad  band  rejection  characteristics  can  oe  obtained  by  use  of 
expansion  chamber  filters.  If  the  maximum  transmission  loss  is  set  at  240  cps. 
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the  odd  harmonics  are  also  attenuated  by  this  same  amotmt.  The  length  Is 
then  given  by 


As  In  the  case  of  the  liquid-filled,  side-branch  pipe,  the  length 
cannot  be  determined  until  v  Is  found.  Referring  to  Fig.  JJ ,  a  value  of 
m  >  100  gives  ^4  dB  maximum  transmission  loss.  Since  the  percentage  change  In 
sound  velocity  vlth  pipe  diameter  Is  small,  the  parameter  m  is  very  nearly 
equal  to  the  area  ratio  of  the  pipes.  Thus  the  expansion  chamber  diameter 
should  be 


d  =  -JlOO  =  10  in.  i.d. 
c 


Reference  to  Fig.  A-I3  of  Appendix  A  reveals  that  this  value  of  i.d.  for  an 

assumed  vail  thickness  of  l/4  in.  gives  a  velocity  of  5700  ft/sec.  The  product 

5 

pv  is  then  3.66  and  from  Fig.  57»  Y  =22  —  •  The  actual  value  of  m 

oc  lb  sec 

Is  thus 


m 


22 


122  . 


The  predicted  maximum  transmission  loss  is  then 

T.L.  =  20  log  (122)  -  6  =  35.7  dB 
The  length  can  now  be  calculated. 


f  =  3700  X  12 

~  4  X  240 


46.3 


In. 


The  transmission  loss  curve  for  this  filter  with  m  =  100  is  shown  In  Fig.  "JO- 
Again  the  fundamental  and  odd  harmonics  are  attenuated  the  most,  but  the  even 
harmonics  are  unaffected.  The  loss  at  3O  cps  is  almost  20  dB. 
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If  some  reduction  of  transmission  loss  at  the  fundamental  Is 
allowed,  a  shorter  length  chamber  will  give  a  broader  rejection  bsuid  and  good 
attenuation  at  all  the  narrow  band  components.  In  this  case,  the  first  peak 
in  the  curve  is  placed  between  the  third  and  fourth  harmonic.  The  length  is 
then 


,  V  3700  X  12 
^  “  2f  “  2  X  840 


26.4 


in. 


The  curve  for  this  case  is  also  shown  in  Fig.  70.  At  least  25  dB  of  transmission 
loss  is  predicted  up  through  the  sixth  harmonic.  The  value  at  JO  cps  Is  about 
15  dB,  and  this  filter  would  be  expected  to  give  the  best  attenuation  of  the 
broad  band  noise. 


Sea  Water  System,  4  in.  Piping 

(Two-Section,  Lumped -Element,  Side-Branch  Element;  Inertance  Tube; 
Inertance  Holes) 


Consider  a  sea  water  pumping  system  using  4  in.  i.d.,  I/8  in.  wall 
thickness,  copper-nickel  pipe.  It  is  desired  to  provide  a  transmission  loss 
infinity  at  JO  cps  suid  6O  cps  with  a  two-section,  lumped-element,  side-branch 
filter,  A  response  as  shown  in  Fig.  24  is  desired,  and  bellows  are  available 
with  a  4  in.  effective  diameter  and  a  convolution  stiffness  of  4000  Ib/in. 


From  Fig.  24  it  is  seen  that  here,  f^^  =  JO  cps,  f^^ 
must  equal  The  length  between  elements  is  then 


60  cps,  and 


Before  proceeding,  v  and  must  be  found. 

From  Fig.  A-9  in  Appendix  A  for  salt  water  in  Cu-Ni  pipe  with  d  =  4  in. 
and  wall  thickness  =  I/8  in. , 

V  =  4170  fps  , 
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pv  -  i+170  X  1.15  X  10 -  I+.80  iL®|£.  , 

in. 5 


p  .  9.56  X  10-5  ILiec 

In. 


is  then  given  by  Fig.  57,  for  4  in.  i.d., 


Y  =26 

0  ■  lb  sec 

Now  the  length  between  side-branch  elements  is 

I  ■  30^-  =  208  in.  (17.4  ft)  . 

The  second  element  should  be  placed  at  about  this  distance  from  the  noise 
source. 


For  element  No.  1  a  four  convolution  bellows  is  used.  This  bellows  then 
has  a  stiffness  of 


k  = 


1000 


lb 

in. 


Entering  Fig.  59  with  this  value  of  k  and  a  4  in.  effective  diameter  gives 

C  =0.16  . 

ID 

The  q  of  the  element  can  then  be  found  from  Fig.  65  by  calculating  = 

2n  X  30  X  0.16  =  30.1,  and  entering  with  Y^  =  2.6, 

q  =  11  . 
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The  weight  required  to  tune  this  bellows  to  JO  cps  Is  found  from  Fig.  62; 
W  «  11  lb  . 

The  weight  of  l/j  the  bellows  and  the  cap  to  seal  It  Is  2  lb,  leaving  9  1^  to 
be  added.  Instead  of  adding  this  weight,  an  Inertance  tube  or  hole  will  be 
used.  Fig.  6l  gives  the  Inertance  equivalent  to  9  It  for  a  k  In.  effective 
piston  diameter  as 


L  »  1.46  X  10 


•4  lb  sec^ 


in.- 


The  inertance  of  a  tube  is  given  by 


L  = 


Pje 

S  ’ 


where  S  Is  the  tube  section  area  and  is  the  effective  length  for  a  physical 

length  i  given  by  i  =  /  +  0.QJ~S.  For  an  inertance  hole  t  =  0.QJ~S  and 
e  e 

L  =  0.8  p^fs/S.  The  hole  diamter  required  to  give  a  certain  inertance  is 
then 

d  =  0.902  ^  in.  . 

lJ7  ^ 

The  Inertance  hole  diameter  in  this  case  is  then 


.  10-^  .  „  , 

1.46  X  10-'* 

The  bellows  cap  should  be  placed  a  distance  of  about  1^/2  away  from  the  inertance 
.hole.  In  this  case  that  distance  is  0.21  in. 
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If  more  than  one  identical  hole  is  used,  the  required  Inertance  for 
each  hole  Is 


where  n  is  the  number  of  identical  holes.  In  this  example,  if  two  holes  are  used, 
the  diameter  of  each  hole  should  be 

d  .  °-90g  X  X  10-^  .  „  295  i„,  , 

2  X  1.46  X  10 

These  two  holes  should  be  placed  at  least  1  in.  apeurt  to  prevent  interaction 
between  them. 

Next  consider  the  use  of  a  1  in.  i.d.  inertance  tube.  Its  inertance 

1  iv  2 

•U  ID 

must  be  1.46  x  10  '  „  "•  •  The  effective  length  is  then 

in.^ 


1.1.6  X  10-“  X  „  X  (1)"  .  ^  2  in 
4  X  9-56  X  10"^ 


The  physical  length  is  then 

£  =  i  -  O.Q‘fs’=  t  -  O.kdJV 

e  e 

=  1.2  -  0.4  X  iJlT  =  0.49  in.  . 

The  bellows  cap  should  be  placed  at  a  distance  of  about  one  end  correction  from 
the  end  of  the  tube.  In  this  case  that  distance  is  0, 2d -JIT  =  0.355  in. 
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The  second  side-branch  is  to  be  resonant  at  60  cps  and  have  a  q  >  11. 
Then  the  compliance  required  is 


<12^0 


02 


11  X  2.6 

2«  X  60 


7.57  X.IO' 


For  a  piston  diameter  of  4  in. ,  Fig.  59  gives  a  stiffness  of 


k  =  2100 


lb 

in. 


for  bellows  No.  2.  A  two  convolution  bellows  can  then  be  used  for  the  compliant 
element  to  give  a  k  =  2000  Ib/in.,  but  the  q  of  the  element  will  be  slightly 
different  from  11. 

The  weight  required  to  resonate  this  bellows  at  60  cps  is  given 
by  Fig.  62: 


W  =  5.62  lb  . 

The  weight  of  the  cap  and  l/j  the  bellows  is  taken  as  1.5  lb  here,  which 
leaves  a  weight  of  5.62  -  1.5  =  4.12  lb  to  be  added.  The  inertance  equivalent 
to  this  weight  from  Fig.  6l  is 

L  =  6.5  X  10-5  lb_se£  _ 

in.5 

This  Inertance  is  then  obtained  by  an  inertance  hole  of  diameter 

d  .  ><  10-;^.  .  1,5  1„,  , 

6.7  X  10-5 

The  bellows  cap  should  be  placed  about  0.46  in.  from  the  hole. 


195 


September  1962 
ELH:vh 

Thla  filter  with  the  Inertance  tube  used  to  tune  the  first  element  and 
an  Inertance  hole  timing  the  second  element  Is  shown  In  Fig.  71.  The  trans¬ 
mission  loss  characteristics  will  be  very  much  like  those  shown  In  Fig.  24  for 
q  ■  10.  The  Infinities  will  occur  at  JO  emd  60  cps,  and  the  zeroes  will  be  at 
105,  210,  315,  etc.,  cps. 

4.  High  Pressure  Hydraulic  System 

(Two-Section  Expansion  Ch^ber  Filter) 

The  fluid  lines  of  1000  psla  hydraulic  system  have  pump  noise  and  gear 
noise  that  extends  from  about  I80  ops  up  to  about  20  kc.  Most  of  the  noise 
energy  lies  in  the  range  of  1  to  J  kc.  For  system  pressures  of  the  order  of 
1000  psia,  compliant  elements  are  probably  impractical.  The  liquid-filled, 
side-branch  tube  or  expansion  chamber  should  be  considered.  Here  a  two-section 
expansion  chamber  with  Identical  sections  will  be  used  to  provide  large 
transmission  loss  characteristics  and  wide  rejection  bands  (Fig.  34).  The 
first  maximum  of  transmission  loss  will  be  set  at  2.5  kc  which  makes  f ^  =  5  kc. 
The  chamber  length  Is  then 


I 


An  m  value  of  about  3I.6  will  be  used.  Before  proceeding,  v  and  must  be 
calculated. 

The  system  piping  has  l/2  in.  i.d.,  and  0.147  in.  wall  thickness;  the 
material  is  steel.  From  Appendix  A,  Fig.  A-l4, 


V  =  5590  fps  , 
Vg  =  5635  fps  , 


pv  =  5590  X  1.08  X  10"^  =  5.88 


lb  sec 


in.' 
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From  Fig.  57  for  l/2  in.  l.d. ,  the  characteristic  admittance  is  given  as 


Y  -  5-2  X  10'^  —  . 

0  lb  sec 


The  value  of  m  is  nearly  equal  to  the  ratio  of  the  chamber  surea  to 
the  pipe  area.  Or, 


s  s/n  =  n/ 31.6  =  5.62  , 


where  d  is  the  chamber  l.d.  and  d  is  the  pipe  i.d.  Here  d  should  be 
c  0  c 

d  =  0.5  X  5.62  =  2.81  in.  , 
c  ' 


but  a  standard  5  in.  i.d.  pipe  with  0.5  in.  wall  thickness  will  be  used  for  the 
chamber.  Fig.  A-14  in  Appendix  A  does  not  cover  the  region  for  a  wall  thickness 
of  0.3  in.  and  i.d.  =  3  in.  A  rough  extrapolation  gives  v  =  355O  fps  for  the 
velocity  in  the  large  pipe.  An  error  in  this  number  can  affect  the  value  of 
m  and  the  length  of  the  chamber  slightly. 


Figure  57  gives  the  cheuracteristtc  admittance  for  the  chamber. 

pv  =  1.08  X  10'^  X  5550  =  3-83, 


For 


oc 


1.8 


in. 


lb  sec 


The  value  of  m  for  the  chamber  is  thus. 


m 


1.8 

0.052 


34.6 
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The  predicted  maximum  transmission  loss  is  then 

T.L.  =  UO  logj^Q  (3*+-6)  -  6  =  55.6  dB 


The  required  length  of  each  chamber  and  connecting  tube  is  found  to  be 


_  5550  X  12 
2  X  5000 


4.26 


in. 


Unless  the  inlet  and  outlet  of  each  chamber  are  properly  placed,  the 
first  higher  order  mode  will  be  propagated  by  the  chamber  at 


f  _  “40  ""o  _  0.386  X  365^  X  12  _  g 
^01  ■  d  ~  3  " 

If  the  inlet  to  a  chamber  Is  placed  exactly  on  the  chamber  center  line,  the 
first  two  modes  will  not  be  excited.  Then,  by  placing  the  outlet  tube  at  a 
distance 


r  =  0.514  d  =  0.514  X  5  =0.94  in. 

off  t-he  center  line,  the  next  higher  mode  will  not  escape  the  chamber.  This 
arrangement  allows  only  the  modes  above  a  frequency  of 

f  =  1.697  A  5655  X  ^  =  24.6  kc 
5 


to  be  propagated  through  the  filter. 

When  the  connecting  tube  is  placed  as  shown  in  Fig.  71(b),  the  second 
chamber  inlet  is  offset,  and  the  third  mode  will  not  be  excited.  With  the 
outlet  on  the  centerline,  the  first  two  modes  have  a  pressure  zero  at  the 
outlet  and  do  not  leave  the  chamber. 
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The  transmission  loss  curve  vlll  be  very  nearly  that  shovn  In  Fig. 
for  ra  ■  51.6.  No  more  than  10  dB  loss  will  occxir  below  f  ■  O.O7  x  5OOO  cps 
■  550  cps.  Between  35O  cps  and  0.91  x  5  Icc  *  h.6  kc,  the  transmission  loss 
goes  to  a  maximum  of  3^.6  dB  and  back  to  zero.  There  are  regions  of  low  transmission 
loss  approximately  JOO  cps  wide  centered  at  5,  10,  15,  ...  kc.  The  shape  of  the 
curve  should  be  preserved  up  to  nearly  25  k(^.  since  the  first  undeslred  mode 
Is  at  24.6  kc. 
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CHAPTER  IV:  SUMMARY  OF  LABORATORY  MEASUREMENTS  OF  FILTER  PERFORMANCE 


A.  INTRODUCTION 


During  the  filter  investigation  program  at  DRL,  sound  meas\irements  were 
made  on  experimental  filters.  With  the  exception  of  side-branch  filters  with  gas 
volume  type  lumped -parameter  branch  elements,  one  or  more  df  each  of  the  types 
of  filters  described  in  Chapter  III  were  built  and  tested  in  the  Laboratory. 

It  is  the  purpose  of  this  chapter  (l)  to  describe  the  filter  test  conditions, 

(2)  to  specify  what  kind  of  sound  measurements  were  made,  and  (j)  to  present 
representative  test  results  for  each  of  the  filters  tested. 
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B.  FILTER  TEST  CONDITIONS 


Although  there  vas  considerable  variation  in  the  details  of  tests  on  the 
various  filters,  most  of  the  tests  had  certain  features  in  common.  Each  filter 
tested  was  Installed  between  a  sound  source  and  some  form  of  acoustic  termination 
in  a  water-filled  system.  Hydrophones  at  the  filter  input  and  output  ports 
sensed  pressure  inside  the  lines  at  those  points.  Signals  from  these  transducers 
were  analyzed.  The  resultant  noise  spectra  were  either  individually  plotted 
against  frequency  or  expressed  in  decibels  rei.atlve  to  a  common  reference, 
differenced,  and  then  plotted. 

Sound  sources  used  were  (l)  an  electromagnetic  shaker  unit  fitted  with  a 
compliantly -mounted,  pressure-sealed  piston,  (2)  submarine  water  pumps  of  the 
multistage,  centrifugal  type,  and  (j )  a  partially  closed  valve  producing  flow¬ 
generated  noise  in  a  water  line. 

The  magnetic  shaker  unit.  Fig.  72,  was  used  in  so-called  no-flow  tests; 
the  test  filters  were  water-filled,  but  there  was  no  net  circulation  of  water 
through  them.  Character  of  the  sound  produced  by  the  shaker  unit  was  of  course 
governed  by  the  electrical  signal  applied  to  it.  Either  sine  wave  or  random 
noise  signals  were  used  in  no-flow  tests. 

Two  different  submarine  pumps  were  used  for  filter  test  noise  sources. 

One  was  a  six  stage,  series  connected,  centrifugal  drain  pump.  Figure  73 
shows  a  sketch  of  it  and  gives  some  information  on  its  size  and  rating.  The 
other  pump  was  also  a  six  stage,  centrifugal  pump  but  was  of  somewhat  larger 
capacity  and  had  provision  for  connecting  the  six  stages  in  two  parallel  groups 
of  three  each.  This  pump  is  shown  in  Fig.  7^.  When  either  of  these  pumps  was 
used  in  filter  tests,  water  was  pumped  through  the  filter.  These  flow  tests 
simulated  conditions  in  a  practical  system.  The  pumps  produced  noise  having 
a  broad  spectrum  with  peaks  at  the  pump  rotation  and  impeller  blade  frequencies. 
Pump  noise  spectra  varied  with  speed,  system  static  pressure,  and  stage  connec¬ 
tions.  In  interpreting  results  of  flow  tests  made  with  either  of  the  submarine 
pumps  as  a  sound  source,  it  should  be  kept  in  mind  that  under  flow  conditions  noise 
is  generated  by  fluid  turbulence  inside  the  filters  and  connecting  lines. 
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RATING 


80  GPM  (SEA  WATER)  AT  50  FT  TOTAL  DYNAMIC  HEAD 
50  GPM  (SEA  WATER)  AT  500  FT  TOTAL  DYNAMIC  HEAD 


FIGURE  73 

OUTLINE  DRAWING -DRAIN  PUMP-GOULDS  PUMPS, INC. 
FIGURE  3375  2"  6  STAGE 


RATING 

70  GPM  (SEA  WATER)  AT  600  FT  TOTAL  DYNAMIC  HEAD 
250  GPM  (SEA  WATER)  AT  240  FT  TOTAL  DYNAMIC  HEAD 
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FIGURE  74 

OUTLINE  DRAWING -TRIM  PUMP- GOULDS  PUMPS,  INC, 
FIGURE  3374  2"  6  STAGE 


September  1962 
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The  partly  closed  valve  vas  used  as  a  noise  source  In  flow  tests  at  much 
lower  flow  velocities  than  those  produced  by  the  pumps.  The  valve,  connected 
to  the  municipal  water  supply  lines,  was  adjusted  to  produce  broad  band  noise. 
The  noise  spectrum  was  very  sensitive  to  changes  in  the  valve  setting. 

A  wide  variety  of  acoustic  terminations  were  used  on  the  filters.  In  no¬ 
flow  tests,  open-ended  water  columns  contained  in  metal  pipes  or  fire  hoses 
or  both  were  used.  In  some  cases,  filter  output  ports  were  connected  to  pipe 
or  hose  lines  leading  to  water  storage  tanks.  For  some  tests,  a  submarine 
trim  systera  manifold  was  Included  in  the  system  between  the  filter  output  port 
and  the  storage  tanks. 

In  flow  tests  in  which  either  pump  was  used,  water  was  circulated  in  a 
closed  path  Including  the  filter.  Either  pipe  or  hose  connected  the  filter 
output  port  to  storage  tanks.  Metal  pipe  lines  returned  water  from  the  tanks 
to  the  p\imp  suction  port.  The  submarine  trim  manifold  was  used  in  some  of 
these  flow  tests  also. 

In  the  few  tests  in  which  the  hissing  valve  was  used  as  a  sound  source, 
flow  rates  were  very  low;  water  flowed  through  the  filter,  through  a  length 
of  pipe,  and  into  a  steel  barrel  from  which  it  overflowed  onto  the  ground. 
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C.  SOUMD  MEASUREMENTS 


September  I962 
JVKrvh 


In  all  the  laboratory  tests  for  which  results  are  presented,  the  filter 
output  and  Input  ports  were  determined  by  the  location  of  hydrophones  used  to 
measure  sound  pressures  inside  the  lines  at  those  points. 


Several  different  hydrophones  were  used  in  the  course  of  the  filter  program. 
They  are  specified  in  the  following  list. 


Name  Serial  No. 


(1) 

Massa  H-11 

15 

(2) 

Chesapeake 

I  6P  530/T 

8 

(5) 

Chesapeake 

II  6p  550/T 

9 

(4) 

ARC 

BC-52 

51 

(5) 

ARC 

BC-52 

55 

(6) 

ARC 

LC-52 

149 

(7) 

ARC 

BC-10 

250 

(8) 

ARC 

BC-10 

257 

Nominal  Sensitivity  dB  ref  1  V/gbar 

-  88.5 

-104 

-104 

-109.5 

-109.8 

-105.5 

-117 

-117 


In  a  majority  of  the  no-flow  tests,  and  in  all  the  flow  tests,  fixed  hydro¬ 
phones,  those  not  on  movable  probes,  were  mounted  in  small  side  cavities 
separated  from  the  inside  of  the  pipe  by  rubber  fairings.  Figure  75(a)  and  (b) 
shows  the  usual  hydrophone  arrangements.  In  some  cases  the  membrane  between 
the  hydrophone  space  and  the  inside  of  the  pipe  was  omitted.  Fig.  75(c). 

Figure  76  is  a  block  diagram  indicating  electronic  instruments  in  an 
arrangement  typical  of  those  used  for  measuring  and  analyzing  hydrophone  signal 
voltages.  The  instruments  that  were  available  for  making  these  measurements 
are  listed  below. 

Vacuum  Tube  Voltmeters 

(1)  True  RMS  VTVM  Ballantine  Labs  Model  520 

(2)  AC  Voltmeter  Ballantine  Labs  Model  5IOA 
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FIGURE  76 

INSTRUMENTATION  FOR  SOUND  MEASUREMENTS  ON 
ACOUSTIC  FILTERS 
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Oscilloscopes 

(1) 

Single  Trace 

Hewlett  Packard 

Model  I3OA 

(2) 

Dual  Trace 

Hewlett  Pack6urd 

Model  122A 

Spectrum  Analyzers 

(1)  Sound  analyzer—General  Radio — Model  76O-A  proportional  bandwidth, 

25  cps  to  7500  cps) 

(2)  Octave  band  analyzer — General  Radio — Model  155O-A,  20  cps  to  10,000  cps 

(3)  Half -octave  band  euialyzer — H.  H.  Scott — Model  420-A,  20  cps  to  9^00  cps 
(used  with  additional  filters) 

(4)  Half -octave  hand  analyzer — White  Instrument,  Labs--Model  1410,  8  cps  to  10  kc 

(5)  Sound  and  vibration  analyzer — General  Radio — Type  1554-A,  One-third  octave, 
narrow  band  and  all  pas^  2.5  cps  to  25,000  cps 
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D.  INTERPRETATION  OF  TEST  DATA 


For  several  reasons,  the  test  data  of  this  section  are  subject  to  interpreta¬ 
tion  different  from  that  for  predictions  based  on  transmission  loss  curves  of 
Chapter  III.  The  ratio  of  output  sound  pressure  magnitude  to  input  sound 
pressure  magnitude  expressed  as  sound  pressure  level  differences  or  sound 
pressure  band  level  differences  in  decibels  in  this  section  is  different  from 
the  transmission  loss.  Transmission  loss,  it  will  be  recalled,  expresses  for 
a  single  frequency  the  ratio  of  the  output  sound  pressure  magnitude  to  the 
magnitude  of  the  incident  vave  contribution  to  sound  pressure  at  the  input 
under  the  imposed  condition  that  the  filter  is  terminated  by  a  load  having  an 
input  admittance  equal  to  the  characteristic  admittance  of  the  liquid  line  in 
which  the  filter  is  used.  Also,  some  of  the  measured  data  given  apply  to  bands 
of  frequencies  rather  than  single  frequencies  as  do  the  transmission  loss 
values.  Another  f\indamental  difference  between  conditions  for  measured  and 
calculated  filter  performance  is  the  presence  of  standing  waves  in  the  lines 
at  the  ends  of  the  filter  in  the  actual  tests.  Finally,  flow  noise  distributed 
continuously  throughout  the  filter  and  its  connecting  lines  was  present  in 
the  flow  tests,  but  it  was  not  considered  in  the  calculation  of  transmission 
loss. 
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E.  TEST  RESULTS 

Curves  showing  results  of  tests  on  the  various  filters  axe  arranged 
according  to  the  following  outline: 

I.  Side-Branch-Element  Filters 

A.  Filters  with  One  Branch  Element 

1.  Spring-Piston  Type  Branch  Elements 
Figures  77  through  78. 

2.  Metal  Bellows  Type  Branch  Element 
Figures  79  through  8k. 

3'  Closed-end  Stub  Type  Branch  Element 
Figures  85  through  87. 

B.  Filters  with  Two  Branch  Elements 

1.  Spring-Piston  Type  Branch  Elements 
Figures  88  through  9^> 

2.  Disk  Spring  Type  Branch  Elements 
Figures  95  through  99* 

3.  Metal  Bellows  Type  Branch  Elements 
Figures  100  through  IO5. 
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C.  Filters  with  Three  Side-Branch  Elements 

1.  Spring-Piston  Type  Branch  Elements 
Figures  IO6  through  125 . 

2.  Metal  Bellows  Type  Branch  Elements 
Figures  124  throvigh  127. 

II.  Expansion  Chamber  Filters 

A.  Single  Chamber  Filters 

1.  Chamber  2  ft  Long;  Area  Ratio  14.1 
Figures  128  through  I50. 

2,  Chamber  5  ft  Long;  Area  Ratio  14,1 
Figures  151  through  I55. 

5 •  Chamber  7  ft  Long;  Area  Ratio  l4.1 
Figures  I56  through  I58. 

4.  Chamber  10  ft  Long;  Area  Ratio  l4.1 
Figures  I59  through  l4l. 

B.  Double  Chamber  Filters 

1.  Chambers  2  ft  Long  and  5  ft  Long;  Area  Ratio  14.1 
Figures  142  through  145 . 
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2.  Chambers  $  ft  Long;  Area  Ratio  14.1 
Figures  ll»-U  through  11+7 • 

3.  Chambers  3  ft  Long  and  7  ft  Long;  Area  Ratio  14.1 
Figures  148  through  1^1 • 

III.  Combination  Filters 

A.  Single-Chamber  and  Lumped -Parameter,  Side-Branch  Element 
Figures  152  through  154. 

B.  Double -Chamber  and  Closed-End  Stubs 
Figures  155  through  I56. 

IV.  Q^lncke  Tube  Filter 

Lengths  55  in.  and  155  in- :  Figure  157. 

On  each  sheet  of  curves  showing  filter  test  results  there  is  drawn  a  sketch 
of  the  physical  layout  of  the  filter  to  which  the  curves  pertain.  Below  the 
layout  sketch  Is  the  transmission  line  acoustical  circuit  of  the  filter  with 
the  significant  information  given.  Units  are  not  written  for  all  numerical 
values  of  acoustical  parameters  listed  on  the  curves,  but  the  same  units  are 
used  consistently  throughout.  These  are  as  follows: 


Quantity 

Symbol 

Unit  IPS 

Length 

1 

in. 

Wave  Velocity 

V 

ft 

sec 

Acoustic  Admittance 

Y 

in.  5 
lb  sec 

Inertance 

L 

iv  2 

lb  sec 

in.^ 

Compliance 

C 

in.5 

lb 
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FtGURE  77 

ONE  ELEMENT  SIDE -BRANCH  FILTER  WITH  SPRING- 
PISTON  BRANCH  ELEMENT 


ORL  -  UT 
DWG  AS 6961 
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SOUND  PRESSURE.  OUTPUT  RELATIVE  TO  INPUT, 


FIGURE  78 

ONE  ELEMENT  SIDE -BRANCH  FILTER  WITH  SPRING 
PISTON  BRANCH  ELEMENT 
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FIGURE  79 

ONE  ELEMENT  SIDE-BRANCH  FILTER  WITH  METAL  BELLOWS  BRANCH  ELEMENT 


FIGURE  80 

ONE  ElEMEN'^  side-branch  FILTER  WITH  METAL  BELLOWS  BRANCH  ELEMENT 


SOUND  PRESSURE .  OUTPUT  RELATIVE  TO  INPUT,  HALF  OCTAVE  BANOS.  OB 
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FIGURE  81 

ONE  ELEMENT  SIDE-BRANCH  FILTER  WITH  METAL  BELLOWS 
BRANCH  ELEMENT 
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FIGURE  82 

ONE  ELEMENT  SIDE-BRANCH  FILTER  WITH  METAL  BELLOWS 

BRANCH  ELEMENT 

ORL  -  UT 
DWG  AS  6990 

JVK  -  BEE 
II  -  8-62 


SOUND  PRESSURE 


FIGURE  83 

ONE  ELEMENT  SIDE-BRANCH  FILTER  WITH  METAL  BELLOWS 
BRANCH  ELEMENT 
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FIGURE  84 

ONE  ELEMENT  SIDE-BRANCH  FILTER  WITH  METAL  BELLOWS  BRANCH  ELEMENT 


FIGURE  85 

ONE  ELEMENT  SIDE-BRANCH  FILTER  WITH  CLOSED 
END  STUB  BRANCH  ELEMENT 


SOUND  PRESSURE, OUTPUT  RELATIVE  TO  INPUT 
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FIGURE  86 

ONE  ELEMENT  SIDE-BRANCH  FILTER  WITH  CLOSED 
END  STUB  BRANCH  ELEMENT 


SOUND  PRESSURE.  RELATIVE  TO  ARBITRARY  REFERENCE.  OB 


7.5  IN. 

657 

4280 

L,  ■- 

1  32  xlO"* 

5  5  IN. 

^0,  ^ 

657 

V| 

:  42  80 

4  50*10-’ 

75  IN 

To, 

657 

:  4280 

C,  : 

5  27x10  ' 

C,  :  II  05x10-' 


FIGURE  88 

TWO  ELEMENT  SIDE-BRANCH  FILTER  WITH  SPRING-PISTON 
BRANCH  ELEMENTS 
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FIGURE  89 

TWO  ELEMENT  SIDE-BRANCH  FILTER  WITH  SPRING-PISTON  BRANCH  ELEMENTS 


FIGURE  90 

TWO  element  side-branch  filter  with  spring-piston  branch  elements 
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FIGURE  91 

TWO  ELEMENT  SIDE  -  BRANCH  FILTER  WITH  SPRING- 
PISTON  BRANCH  ELEMENTS 
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FIGURE  92 

TWO  ELEMENT  SIDE  -  BRANCH  FILTER  WITH  SPRING- 
PISTON  BRANCH  ELEMENTS 
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FIGURE  94 

TWO  ELEMENT  SIDE  -  BRANCH  FILTER  WITH  SPRING- 
PISTON  BRANCH  ELEMENTS 
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FIGURt  95 

TWO  ELEMENT  SIDE -BRANCH  FILTER  WITH  DISK  SPRING 
BRANCH  ELEMENTS 
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FIGURE  96 

TWO  ELEMENT  SIDE -BRANCH  FILTER  WITH  DISK  SPRING 
BRANCH  ELEMENTS 
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TWO  ELEMENT  SIDE -BRANCH  FILTER  WITH  DISK  SPRING 
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FIGURE  99 

TWO  ELEMENT  SIDE -BRANCH  FILTER  WITH  DISK  SPRING 
BRANCH  ELEMENTS 
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FIGURE  100 

TWO  ELEMENT  SIDE* BRANCH  FILTER  WITH  METAL  BELLOWS 
BRANCH  ELEMENTS 
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FIGURE  101 

TWO  ELEMENT  SIDE- BRANCH  FILTER  WITH  METAL  BELLOWS 
BRANCH  ELEMENTS 
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FIGURE  102 

TWO  ELEMENT  SIDE- BRANCH  FILTER  WITH  METAL  BELLOWS 
BRANCH  ELEMENTS 
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FIGURE  103 

TWO  ELEMENT  SIDE- BRANCH  FILTER  WITH  METAL  BELLOWS 
BRANCH  ELEMENTS 
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FIGURE  104 

TWO  ELEMENT  SIDE- BRANCH  FILTER  WITH  METAL  BELLOWS 
BRANCH  ELEMENTS 
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FIGURE  108 

THREE  ELEMENT  SIDE- BRANCH  FILTER 
WITH  SF«ING-PISTON  BRANCH  ELEMENTS 
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FIGURE  109 

THREE  ELEMENT  SIDE-BRANCH  FILTER 
WITH  SPRING-PISTON  BRANCH  ELEMENTS 
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FIGURE  no 

THREE  ELEMENT  SIDE-BRANCH  FILTER 
WITH  SPRING-PISTON  BRANCH  ELEMENTS 
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FIGURE  113 

THREE  ELEMENT  SIDE-BRANCH  FILTER 
WITH  SPRING-PISTON  BRANCH  ELEMENTS 
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FIGURE  114 

THREE  ELEMENT  SIDE-BRANCH  FILTER 
WITH  SPRING-PISTON  BRANCH  ELEMENTS 
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FIGURE  Its 

THREE  ELEMENT  SIDE-BRANCH  FILTER 
WITH  SPRING-PISTON  BRANCH  ELEMENTS 
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FIGURE  116 

THREE  ELEMENT  SIDE-BRANCH  FILTER 
WITH  SPRING-PISTON  BRANCH  ELEMENTS 
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FIGURE  117 

THREE  ELEMENT  SIDE-BRANCH  FILTER 
WITH  SPRING-PISTON  BRANCH  ELEMENTS 
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FIGURE  118 

THREE  ELEMENT  SIDE-BRANCH  FILTER 
WITH  SPRING-PISTON  BRANCH  ELEMENTS 
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FIGURE  119 

THREE  ELEMENT  SIDE-BRANCH  FILTER 
WITH  SPRING-PISTON  BRANCH  ELEMENTS 
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FIGURE  120 

THREE  ELEMENT  SIDE-BRANCH  FILTER 
WITH  SPRING -PISTON  BRANCH  ELEMENTS 
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FIGURE  121 

THREE  ELEMENT  SIDE-BRANCH  FILTER 
WITH  SPRING-PISTON  BRANCH  ELEMENTS 
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FIGURE  122 

THREE  ELEMENT  SIDE-BRANCH  FILTER 
WITH  SPRING-PISTON  BRANCH  ELEMENTS 
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FIGURE  123 

THREE  ELEMENT  SIDE-BRANCH  FILTER  WITH  SPRING- PISTON 
BRANCH  ELEMENTS 
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FIGURE  124 

THREE  ELEMENT  SIDE-BRANCH  FILTER  WITH  METAL  BELLOWS 

BRANCH  ELEMENTS 
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FIGURE  125 

THREE  ELEMENT  SIDE-BRANCH  FILTER 
WITH  METAL  BELLOWS  BRANCH  ELEMENTS 
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FIGURE  126 

THREE  ELEMENT  SIDE-BRANCH  FILTER 
WITH  METAL  BELLOWS  BRANCH  ELEMENT 
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Figure  iso 

SINGLE  CHAMBER  EXPANSION  CHAMBER  FILTER 
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FIGURE  134 

SINGLE  CHAMBER  EXPANSION  CHAMBER  FILTER 
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FIGURE  137 

SINGLE  CHAMBER  EXPANSION  CHAMBER  FILTER 
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FIGURE  138 

SINGLE  CHAMBER  EXPANSION  CHAMBER  FILTER 
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FIGURE  140 

EXPANSION  CHAMBER  FILTER 
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FIGURE  141 

EXPANSION  CHAMBER  FILTER 
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FIGURE  143 

TWO  CHAMBER  EXPANSION  CHAMBER  FILTER 
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FIGURE  144 

TWO  CHAMBER  EXPANSION  CHAMBER  FILTER 
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FIGURE  146 

TWO  CHAMBER  EXPANSION  CHAMBER  FILTER 
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FIGURE  147 

TWO  CHAMBER  EXPANSION  CHAMBER  FILTER 
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FIGURE  148 

TWO  CHAMBER  EXPANSION  CHAMBER  FILTER 
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FIGURE  150 

TWO  CHAMBER  EXPANSION  CHAMBER  FILTER 
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FIGURE  155 

COMBINATION  EXPANSION  CHAMBER  AND  SIDE -BRANCI 
FILTER  WITH  CLOSED  END  STUB  BRANCH  ELEMENTS 
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FIGURE  156 

COMBINATION  EXPANSION  CHAMBER  AND  SIDE -BRANCH 
FILTER  WITH  CLOSED  END  STUB  BRANCH  ELEMENTS 
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FIGURE  157 
QUINKE  TUBE  FILTER 
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It  oust  be  remembered  that  the  ratios  of  sound  pressures  at  the  filter 
output  ports  to  those  at  the  Input  ports  are  not  the  same  as  transmission  loss,  so 
exact  agreement  between  these  data  and  theoretical  predictions  for  the  filter 
transmission  loss  could  not  be  expected,  even  if  the  filters  were  ideally 
terminated. 

These  curves  have  been  plotted  from  test  data  collected  since  19^$.  When 
the  tests  were  run  it  was  recognized  that  acoustic  terminations  of  the  filters 
Influenced  test  results;  but  since  resistive,  matched  terminations  were  not 
available,  choice  of  the  piping  arrangement  was  governed  by  pumping  system 
requirements  and  availability  of  piping  components. 

These  curves  furnish  a  record  of  acoustic  filter  test  results  obtained 
during  the  filter  investigation  program  at  Defense  Research  Laboratory.  They 
show  performances  typical  of  those  that  were  measured  during  the  experimental 
filter  program.  It  is  probable  that  filter  behavior  of  the  same  general  character 
would  be  found  in  actual  practice. 
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CHAPTER  V:  CLOSING  REMARKS 

The  computer  program  used  for  calculating  filter  transmission  loss  as  a 
function  of  frequency.  Appendix  B,  requires  filter  branch  element  a^lttances 
at  certain  stages  of  the  computation.  For  a  particular  filter,  the  program 
will  either  calculate  tb''se  admittance  values  from  parameters  of  the  branch 
elements,  accept  values  of  branch  admittance  as  Input  data,  or  even  operate  on 
a  mixed  basis  with  some  admittances  calculated  and  others  supplied.  This 
flexibility  permits  calculation  of  transmission  loss  for  multi-element  filters 
from  measured  values  of  Input  admittance.  Deviation  from  ideal  characteristics 
for  the  branch  elements  can  thereby  be  taken  into  account. 

Actual  measurements  of  acoustic  admitteuice  of  metal  bellows  type  filter 
branch  elements  have  shown  that  the  characteristics  of  such  units  may  depart 
considerably  from  those  of  simple  spring-piston  resonators. 

It  cannot  be  expected  that  filter  performances  in  actual  practice  will 
exactly  duplicate  those  predicted  by  the  methods  of  Chapter  III.  The  principal 
reasons  are  that  in  obtaining  the  design  curves  it  was  assumed  that  in  any 
particular  case  (l)  there  was  a  single  liquid  column  sound  transmission  path, 

(2)  the  admittance  of  the  filter  load  was  purely  resistive  and  equal  to  the 
characteristic  admittance  of  the  system  piping,  sued  (j )  only  one  noise  source 
was  present.  Nevertheless,  it  is  believed  that  the  analytical  approach  to 
filter  design  given  here  is  considerably  more  powerful  than  guesswork  or  methods 
based  on  lumped -parameter  approximation  of  filter  behavior. 
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APPENDIX  A 


Calculated  Velocities  of  Sound  Waves  in  Liquid  Inside  Metal  Pipes 


The  sound  velocity  values  presented  In  this  appendix  were  computed  using 
a  foxmila  developed  from  an  acoustical  circuit  representation  of  the  plpe-llquld 
system.  The  distributed  reactance  of  an  acoustic  transmission  system  can  be 
represented  by  a  cascaded  length  of  lumped-element  sections.  Each  section 
consists  of  an  arrangement  of  compliance  and  inertance  which  represents  the 
distributed  series  and  shunting  acoustic  Impedance  found  per  unit  length.  Since 
such  a  liquid  system  Is  very  nearly  lossless,  no  resistances  need  be  Included 
In  this  representation. 


The  expression  for  the  velocity  of  sound  waves  through  such  a  system  is 


where  L  ■  series  inertance  per  unit  length  of  the  line,  and 

C  «  shunt  compliance  per  unit  length  of  line. 

The  compliance  C  is  defined  as  the  change  in  volume  per  unit  change  in 
pressure  for  the  system  under  consideration.  Two  compliance  effects  are  present 
in  pipe-liquid  systems:  (l)  the  pipe  itself  can  expand  radially,  thus  allowing 
a  change  in  overall  system  volume,  and  (2)  the  liquid  has  elastic  properties. 
Independent  of  its  means  of  confinement.  These  two  effects  add,  as  will  be 
seen,  to  produce  an  overall  compliance. 

The  inertance  Is  defined  as  the  ratio  of  mass  moved  by  the  changing 

pressure  to  the  square  of  the  aurea  (normal  to  the  direction  of  mass  movement) 

over  which  the  mass  is  distributed.  Two  inerteuice  effects  are  found  in  pipe- 
liquid  systems:  (l)  the  pipe  mass  moves  radially,  and  (2)  the  liquid  mass 
moves  axially.  Only  the  latter  of  these  motions  has  any  appreciable  effect  on 
the  sound  velocity  at  the  low  frequencies  of  interest  (f  <  2000  cps). 
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The  acoustical  circuit  for  a  unit  length  of  the  pipe  Is  given  In  Fig.  A-1, 
where  ■  Inertance  per  unit  length  due  to  liquid, 

Lp  >  Inertance  per  unit  length  due  to  pipe, 

*  compliance  per  unit  length  due  to  liquid,  and 
>  compliance  per  unit  length  due  to  pipe. 

The  liquid  Inertance  per  unit  length  Is 


where  m^  =  mass  of  liquid  per  unit  length, 
*  cross-sectional  area  of  liquid, 
=  mass  density  of  liquid,  and 
d^  =  inside  diameter  of  pipe. 

The  pipe  Inertance  per  unit  length  Is 


p  m 


m 

_E_  . 

*'>1 


where  m^  ■  mass  of  pipe  per  unit  length, 

Sp  »  inside  surface  area  of  pipe  per  unit  length 
Pp  a  mass  density  of  pipe, 
d^  =  mean  diameter  of  the  pipe,  and 
a  =  thickness  of  pipe  wall. 


The  liquid  compliance  per  unit  length  Is 


C 


t 


»cU, 


jtdj^K 

~~r~  ’ 
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FIGURE  A-2 


PIPE- LIQUID  ACOUSTICAL  CIRCUITS 
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where  “  volume  of  liquid  per  unit  length, 

p  -  system  pressure,  and 
K  >  compressibility  of  liquid. 


The  pipe  compliance  calculation  is  somewhat  more  involved.  An  expression 
for  the  inner  radial  expansion  /Jjc  of  a  pipe  for  a  pressure  change  is  (page  26k 
of  Ref.  27) 


V 


where 


E  »  Young's  modulus  of  elasticity, 
r^  =  inside  pipe  radius, 
r^  =  outside  pipe  radius,  and 
V  =  Poisson’s  Ratio. 


The  associated  volume  change  per  unit  length  of  pipe  is 

*  2jtr  Ax  . 

P  1 


Therefore,  the  pipe  compliance  per  unit  length  reduces  to 

d^^  (2  -  v) 

^p  ”  Ap  *  2E  1  +  V  +  4a  (d^  +  a) 
where  d^  *  inside  diameter. 

To  show  that  the  pipe  inertauice  is  negligible  for  the  frequencies  of 
interest,  note  that  for  a  series  compliance-inertance  branch  an  equivalent 
compliance  is  given  by 


eq 


1  - 
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vhere  (o  ■  2kS,  and  and  are  the  series  elements.  If  this  expression  is 

applied  to  the  aeries  L  and  branch  of  Fig.  A-1,  it  is  seen  that  ouPl  C  «  1 

P  P  p  P 

for  normal  values  of  inertance  and  compliance  and  for  lov  values  of  co  >  2jtf . 

The  circuit  reduces  to  that  shown  in  Pig.  A-2.  Tlierefore,  using  the  velocity 

expression  already  mentioned. 


*.'1.^(0^  +  Cp) 

The  velocities  computed  using  these  relationships  compare  favorably  with 
measured  values.  Agreement  to  within  5-lO^t  was  found  in  all  cases.  The  computed 
velocities  are  plotted  versus  pipe  inside  diameter  for  various  pipe  materials 
and  wall  thicknesses  in  Figs.  A-3  through  A-I7. 
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FIGURE  A-3 

CAUCULATEO  VELOCITIES  OF  SOUND  WAVES  IN  LIQUID 
INSIDE  METAL  PIPES 
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CALCULATED  VELOCITIES  OF  SOUND  WAVES  IN  LIQUK) 
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FIGURE  A-7 

CALCULATED  VELOCITIES  OF  SOUND  WAVES  IN  LIQUID 
INSIDE  METAL  PIPES 


WL  -  OT 
DWG*S72«S 
JVK  -  KE 
M  -  S  -  62 


Sdd-Ail3013A0Nn0S 


FIGURE  A- 10 

calculated  velocities  of  sound  waves  in  liquid 
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FIGURE  A-12 
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calculated  velocities  of  sound  waves  in  liquid 
INSIDE  metal  pipes 


iMLL  Tnciatess<n' 


om.  -  uT 
DWG  AS 727 
JVA  -  KE 


o 


Sdd-Aiix>n3A  ONnos 


September  1962 
DGO:vh 

APPENDIX  B 

Digital  Computer  Program  for  Analyglng  Acoustic  Flltera  In  a  Plpe-Llquld  System 

The  purpose  of  this  program  la  to  compute,  as  a  function  of  frequency,  a 
transmission  loss  which  Indicates  the  amount  of  sound  attenuation  caused  by 
several  types  of  acoustic  filters.  A  transfer  function  and  a  system  input 
admittance  are  also  available  for  prlnt-out.  These  computations  pertain  to 
pipe-contained  liquid  systems. 

Computations  can  be  performed  for  the  following  types  of  filters:  (l)  side- 
branch,  both  lumped-  and  dlstrlbuted-element  types,  (2)  expansion  chamber  and 
(3)  combination.  To  clarify  what  Is  to  follow,  it  should  be  noted  that  the 
phrase  "filter  section"  is  applied  to  the  side-branch  (or  expansion  chamber) 
and  the  length  of  pipe  which  follows  before  the  next  admittance  discontinuity. 
Progressing  along  the  line  from  load  to  source  a  "discontinuity"  results  from 
one  of  two  things:  (l)  appearance  of  a  side-branch,  or  (2)  change  In  main  pipe 
characteristic  admittance.  In  expansion  chambers  this  latter  discontinuity  is 
caused  by  ends  of  the  chamber. 

Any  number  of  the  same  type  or  of  mixed  types  of  these  filter  sections 
may  be  connected  in  series  along  the  system  piping.  Further,  more  than  one 
side-branch  element  may  be  connected  at  the  same  position  on  the  pipe.  The 
program  will  begin  at  the  end  opposite  the  noise  source  Input  and  proceed  past 
each  discontinuity,  finally  arriving  at  the  noise  source  with  a  transmission 
loss  solution  for  the  frequency  under  consideration.  Any  frequency  range 
may  be  chosen  for  computations. 

There  is  one  further  extension  of  the  program.  Since  side-branch  filter 
computations  Involve  the  admltteinces  presented  to  a  piping  system  by  the  side- 
branch  element,  it  may  sometimes  be  desirable  to  skip  the  theoretical  computation 
at  the  discontinuity  and  for  it  substitute  experimentally  determined  admittance 
values.  This  may  be  done  at  one  or  more  side-branch  positions  as  desired; 
theoretical  calculations  are  still  carried  out  at  any  remaining  discontinuities. 
Measured  admittance  values  can  also  be  put  in  at  the  termination  of  the  pipe 
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system  (opposite  the  noise  source  end);  this  latter  altez*natlve  Is  in  lieu 
of  considering  the  terminal  admittance  constant. 

Five  mathematical  expressions  are  used  In  this  progrsmt;  three  deal  with 
admittance  calculation  or  transformation^  and  two  express  the  sound  attenuation 
caused  by  the  filter  system.  Each  expression  is  briefly  discussed  below. 

The  program  is  based  primarily  on  the  admittance  trainsformatlon  etpiatlon. 
This  expression  Is  presented  in  the  text  in  a  form  different  from  the  trigono¬ 
metric  version  given  below: 

-  JYe  tangi 
^i+l  “  c  I  +  JYj^  tan3i 

where  Y  =  characteristic  admittance  of  pipe, 
c 

Y^  •  admittance  "seen"  at  previous  discontinuity, 

Y,  ,  a  transformed  admittance  after  moving  down  the  pipe  a  length  /, 

Pfff 

p  m  m  phase  constant  of  main  pipe  system, 
f  =  frequency  of  sound  source,  and 
V  =  velocity  of  sound  in  system. 

This  expression  ties  together  the  admittance  discontinuities  which  occur  at 
positions  along  the  main  pipe. 

A  second  expression,  used  for  finding  the  admittance  presented  to  the  main 
pipe  by  a  closed-end  side-branch,  is  simply  a  special  case  of  the  admittance 
transformation  equation.  Since  the  "seen"  at  the  closed  end  of  the  side- 
branch  is  zero,  the  expression  reduces  to 

Y^  -  JY^tanSI  , 

where  Y^  =  admittance  added  in  parallel  with  main  pipe, 

Y^  ■  characteristic  admittance  of  side-branch  pipe  length  f,  and 
^  >  phase  constant  of  side -branch  pipe. 
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The  other  admittance  calculation  Involves  the  lumped  element  side-branch. 

Such  a  aide-branch  can  be  represented  by  a  series  Inertance -compliance  combination 
connected  In  parallel  with  the  main  pipe.  The  total  admittance  of  the  series 
elements  Is  given  by 


t 


vhere  ■  admittance  In  parallel  vlth  main  pipe, 

>  desired  resonant  frequency  of  the  series  Inertance-compllance 
combination,  and 

C  >  compliance  element  value. 

The  other  two  mathematical  expressions  are  shown  below; 


Transfer  Function  (dB) 


-20  logj^Q 


,  and 


Transmission  Loss  (dB)  =  -20  log^^ 


where  «  output  (opposite  source  end)  sound  pressure, 

Fg  c  source  sound  pressure,  and 

■  sound  pressure  incident  at  filter  input. 

These  pressure  ratios  appear  in  the  program  as  functions  of  admittance;  the 
necessary  expressions  are  given  In  the  main  text. 


The  accompanying  flow  diagram,  Fig.  B-1,  Is  mostly  self-explanatory.  A 
list  of  the  required  input  parameters  Is  given  below  along  with  several  clarifying 
comments. 
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Each  filter  eectlon  represents  a  value  of  J  as  indicated  on  the  diagram. 
Hence,  one  set  of  parameters  has  the  property  that  each  parameter  has  not  only 
its  physical  value  but  also  a  value  of  J  associated  with  it.  A  sec(md  set  of 
inputs  is  common  to  the  vhole  system,  e.g.,  frequency  limits,  etc.  Those  inputs 
in  this  latter  class  are  as  follows; 

(1)  initial  frequency, 

(2)  frequency  index, 

(3)  final  frequency, 

(U)  control  parameter  for  Q^, 

(3)  control  parameter  for  Q^, 

(6)  control  parameter  for  (l.e.,  max  value  for  j),  and 

(7)  termination  admittance  value  (used  if  answer  is  NO). 


The  inputs  which  must  possess  a  J  subscript  are  as  follows: 


lumped 

element 

side- 

branch 

param¬ 

eters 


(1)  control  parameter  for 

(2)  resonant  frequency  of  lumped -element  side-branch, 

(3)  compliance  of  lumped-element  side-branch. 


distrib¬ 

uted 

element 

slde- 

branch 

param¬ 

eters 


(U)  length  of  closed-end  side -branch, 

(3)  characteristic  admittance  of  closed-end  side-branch, 
(6)  velocity  of  sound  in  closed-end  side-branch. 


main 

pipe 

param¬ 

eters 


(7)  length  of  main  pipe  before  next  discontinuity  is  reached, 

(8)  chsuracterlstic  admittance  of  this  length  of  pipe,  euid 

(9)  velocity  of  sound  in  this  length  of  pipe. 


Note  that  re-entrant  tube  expansion  chamber  calculations  are  carried  out 
using  alternative  B  of  question  Q^,  Fig.  B-1.  That  is,  since  re-entrant  tubes 
result  in  closed-end,  side-branch  effects,  the  same  mathematics  applies  to 
both  cases  (See  Chapter  III,  C,  3* )• 

Question  exists  to  prevent  unnecessary  theoretical  calculations  at 
frequencies  other  than  those  at  which  measured  data  were  taken.  For  exaoQ)le, 
If  measured  data  are  &o  be  inserted  at,  say,  J  >  3  discontinuity,  while 
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theoretical  conqjnitatlons  are  to  be  ceurrled  out  at  the  J  »  1  and  2  discontinuities, 
Qg  causes  these  theoretical  computations  to  be  performed  only  at  those  frequencies 
which  correspond  to  measured  data  points. 

Alternative  D  of  bypasses  any  addition  of  lumped  admittance  In  parallel 
with  the  system  because  no  such  admittance  Is  added  when  an  expansion  chamber 
end  la  encountered.  The  characteristic  admittance  aind  velocity  are  changed  due 
to  an  entrance  or  exit  of  the  chamber,  and  then  the  admittance  tramsformatlon 
process  continues  as  If  no  discontinuity  were  present. 

Finally,  the  arithmetic  of  the  program  must,  of  necessity,  contain  complex 
numbers.  The  programmer  must  therefore  carefully  arrange  the  steps  so  that  the 
operations  on  real  and  Imaginary  quantities  are  appropriately  separated. 
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APPENDIX  D 

Glossary  of  Symbols 


Upper  Case  Letters 

C  -  acoustic  ccmpllance 
E  -  modulus  of  elasticity 
K  -  pressure  reflection  coefficient 
P  -  phasor  sound  pressure 

P^  -  phasor  sound  pressure  of  a  forward  traveling  wave 
P_  -  phasor  sound  pressure  of  a  backward  traveling  wave 
R  -  acoustic  resistance 
S  -  area 

T.L.  -  transmission  loss 
U  -  volume 

V  -  phasor  particle  velocity 

V  -  phasor  volume  velocity 

W  -  total  weight,  acoustic  power 

Y  -  acoustic  admittance 

Y  -  characteristic  acoustic  admittance 
0 

Z  -  acoustic  impedance 

Z^  -  characteristic  acoustic  impedance 

Lower  Case  Letters 


a  -  gas-filled  side-branch  filter  element  peurameter,  pipe  wall  thickness 
b  -  regulated  gas-filled,  side-branch  element  parameter 
d  -  diameter 
f  -  frequency 

g  -  acceleration  due  to  gravity 
1  -  subscript  for  input;  index  number 
j  «■  /-I 

k  -  spring  stiffness 
i  -  length 
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B  -  mass,  Index  number 

n  •  Index  number 

p  -  static  pressure 

p(t)  -  Instantaneous  sound  pressure 

p^  -  Initial  static  pressure 

p  -  aa^lltude  of  sound  pressure 

uBwC 

q  •  lunqped,  side-branch  element  effectiveness  parameter  or 
closed-end  tube  side-branch  element  parameter 

r  -  mechanical  danqplng  constant 

t  -  time 

-  wave  velocity  in  an  Infinite  medium 
V  -  wave  velocity 

v(t)  -  Instantaneous  particle  velocity 
^nax  “  particle  velocity 

w  -  weight  per  unit  voliane 
X  -  displacement 

Greek  Letters 


a  -  wave  propagation  normal  mode  coefficients 
S  -  phase  constemt 

7  -  ratio  of  specific  heats  for  a  gas 

K  -  compressibility 

\  -  wavelength 

V  -  Poisson's  ratio 

p  -  mass  density 

<p^  -  pressure  phase  angle 

cp^  -  particle  velocity  phase  angle 

0)  -  angular  frequency 
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